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jUNE-SOpreface 


The revisions to the First Edition consist of (1) an integration of aliphatic 
nd aromatic chemistry, (2) the incorporation of physical with chemical 
methods of structure determination, (3) the inclusion of mor# reaction 
mechanisms, (4) answers to the Test Questions, (5) the strengthening of 
s^rtain topics such as alicyclic chemistry, and (6) where appropriate, a 
^neral up-dating of material. 

As in the first edition, the objective of this book is to serve as a textbook 
for elementary organic chemistry. Consequently, only fundamental treat- 
nents are given to such specialized topics as synthetic dyes, steroids', alka- 
oids, terpenes, carbohydrates, and proteins, because a full examination of 
luch topics would require expanded applications of the basic principles of 
irganic chemistry and would be more than the student could learn in one 
rear. Most of the contents of this book can be covered in the conventional 
»ne-year course. Advanced students wishing to review their elementary 
trganic chemistry will find the study guides appearing throughout the book 
if considerable help. 

Structural theory was employed during the early stages of organic chem- 
9try to interpret and explain organic reactions. This theory was based on 
he functional groups present in a molecule. In the past quarter-century, 
icreasing attention has been given to reaction mechanisms and charge- 
ensity patterns of molecules. This has facilitated an understanding and 
redictability of the properties of organic molecules. Although certain 
ieoretical approaches h^ve been fairly successful in characterizing some 
lolecules, most chemists have had to rely upon the old structural theory, 
ith a judicious incorporation of the concepts of molecular orbitals, hybridi* 
ition, resonance, induction, hydrogen bonding, and steric requirements. This 
lulti-effect approach, referred to as the "modem structural thoery,” * is also 
pplied in this book. These auxiliary concepts are woven into a uniform 
eatment and explained when first encountered, so that the student recog- 
lizes their usefulness for interpreting the behavior of organic compounds. 
There have been two major approaches used in the study of organic 
lemistry. One is to classify organic compounds on the basis of functional 

‘L. N. Ferausoa, Afodem Structural Theory oj Organic Chemistry, Prentice-Hall, inc., 
iflewood Cliffs, NJ., 1963. 
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groups. With this knowledge one could predict the properties of a compound 
if its structure is known or, conversely, deduce its structure on a basis of its 
properties. The second approach is to teach certain mechanistic ways in 
which organic moelculcs tend to react An understanding of these reaction; 
types would enable the student to predict the behavior of any organic com* 
p)ound under given conditions. In both approaches there can be considerable 
memory work for the student unless a rational basis is used for correlating 
the material. This book takes a position between these two extreme ap¬ 
proaches. The author believes that a knowledge of the common chemical 
and physical properties of functional groups enables the student to retain 
a vast amount of information. At the same time, his understanding of the 
mechanisms of certain pervalent reactions extends his grasp of organic 
chemistry to include complex substances in which functional group properties 
are somewhat altered. 

j'- 

A student must understand the basic concepts and principles taken up here 
in order to become familiar with the nature of organic substances and to 
appreciate their potential. By going through the mental exercises called for, 
the student understands the scientific approach, and develops his capacity 
for reasoning and solving problems encountered later in chemistry as well 
as in specialized fields such as medicine, agriculture, and engineering. 

Throughout the book there are question sets of two types. One, the Study 
Exercises, consists essentially of drill questions aimed at improving the 
student's proficiency in performing some of the operations discussed in the 
chapter. These questions help familiarize him with the subject matter and 
impress it firmly in his memory. The Test Questions, for which answers are 
supplied at the back of the book, are designed to challenge the student’s 
integrated impressions from the entire course up to that point, with emphasis 
on the part most recently discussed. This gives an evaluation of what he has 
learned. These questions require much more than looking up the answers 
in the text; they call for logical reasoning or analytical thinking and tend 
to coordinate the subject matter. Another feature of this book are frequent 
comments on historical or cultural items of interest. These are set off in 
smaller type. 

In the Appendix there is a section devoted to the solution of mathematical 
problems encountered in organic chemistry for the benefit of those students ! 
who need a brush-up of this type. 

I am indebted to many persons for various suggestions that have been 
incorporated into this revision, and to Richard W. Dempsey for the full-page 
drawings on pages 74 and 626. Also, I thank the College of Liberal Arte of 
Howard University for providing clerical assistance in typing the finab 
manuscript. I want to express my deep appreciation to my wife for 
forbearance during the preparation of this revision. 

Lloyd N. Fraovaoir 
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A Word to the Student 


The phenomenal success of science is due largely to its hierarchical nature. 
It has a simple foundation of a relatively few abstract concepts and prin¬ 
ciples, and upon these primordial elements is constructed a vast, complex 
superstructure of facts and applications. The myriad of facts in any discipline 
of this edifice of science would overwhelm the human mind were it not for 
the logical, sequential thread of continuity joining the network of details. 

In the same .sense, organic chemistry would be a hopeless maze if it could 
not be presented within an orderly, rational framework. More than a million 
organic compounds have been prepared, and it would take a lifetime to 
become familiar with all of them. What should be sought in this study of 
organic chemistry, then, is the attainment of a knowledge of the general 
nature of organic substances without an intimate acquaintance with each 
of them. 

The task of the teacher is to help the student achieve this objective. He 
does this by discussing, among other aspects of organic chemistry, some of 
the basic properties of organic substances. The aim is to develop in the 
student a sense for the behavior of an organic compound when affected by 
physical forces such as light, heat, electric or magnetic fields, and other 
chemicals. Under given conditions, will a specific compound be inert or 
reactive, and if reactive, how will it react? Such knowledge will lead to one 
of the objectives of most chemists: to be able to predict the chemical and 
physical properties of any compound if its molecular structure is known, 
and, conversely, to be able to design the structure of a substance that would 
have a specifically desired property. We would then know, for example, 
what substance to use in making the parts for space vehicles that must 
withstand extreme heat, or what drug to use for a specific disease. 

A common method of teaclnng organic chemistry is to present it as it is 
used by an organic chemist. With this method the nomenclature, synthesis, 
isolation, properties, methods of structure determination, and uses of organic 
compounds are taken up. This approach gives the student an appreciation 
for the way that advances are made in organic chemistry and reduces rote 
memory work. Memorization is sometimes considered to be the principle 
difficulty in organic chemistry. It is true that in order to plan a multistep 
synthesis with dispatch, or to distinguish several compounds on the basis 
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of differences in their chemical properties, one must know a basic group of 
organic reactions. It is this “working pool” of reactions that the student must 
somehow commit to memory. But rote memorization is reduced by associating 
the reactions with various operations and end uses such as resolution of 
mixtures, formation of derivatives, qualitative identification, and structure 
determination. Without special efforts to memorize the reactions or their 
mechanisms, the student learns them as a result of associating them with 
specific uses. 

All this material is interrelated by the fiber of theory and by the basic 
principles of organic chemistry. Some theory must be learned, of course, 
in order to provide a structural framework for organic chemistry. Actually 
it is not expected that the student will remember long after the course all 
the many reactions taken up, their mechanisms, and other details presented. 
The objective of the course will be achieved if he learns the hierarchical 
structure of organic chemistry, understands the relations between the basic 
theory and factual detail, and experiences some of the mental processes used 
by organic chemists. Organic substances play such a large role in our daily 
lives that all of us should know something about organic chemistry in order 
to understand some of the ways in which it affects us and to appreciate its 
potentials and limitations. 


All tomperoturos in this book or* given In d«> 
greet centigrade (*C) unless otherwise noted. 
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The Structures of Organic Molecules 


1,1 CHEMICAL BONDS 

a. Atomic orbitals. For many years chemists have souji^t relationships 
between the chemical constitution of matter and its physical, chemical, and 
biochemical properties, in order to be able to predict the properties of a com¬ 
pound when its chemical structure is known, and conversely, in order to be 
able to plan the structure of a compound which would have any desired 
properties. The most powerful correlation that has been found is the periodic 
table of the elements, which is based on the magnitude of the nuclear charge 
and the arrangements of the orbital electrons revolving around the nuclei. 
In order to account for observed properties, such as ionization potentials, 
magnetic susceptibilities, valences, and periodicity of chemical properties, it 
is believed that electrons move around atomic nuclei in discrete, successive, 
concentric volumes called shells. Each shell will accommodate a definite 
number of electrons, and the electrons are most likely to be found in definite 
regions, called orbitals, within each shell. These orbitals are of four types, 
distinguishable by their geometric shapes and the angular momentum an 
electron will exhibit when located in a given type of orbital. The orbital types 
are referred to as s, p, d, and / orbitals. 

Based on experimental data, mostly spectroscopic and magnetic, and from 
theoretical considerations, electron distributions have been assigned to all 
elements in accordance with the following five principles; 

1. Each shell will hold up to 2n^ electrons, where n is the shell number or 
principal quantum number. There may be one s, three p, five d, and 
seven / orbitals in each shell, depending on how many are needed to 
accommodate 27i* electrons. 

2. The electrons will enter the available orbital of lowest energy. 

3. At any one energy level, the electrons will tend to occupy separate 
orbitals. 

4. Only two electrons can be in the same orbital, provided their spins are 
antiparallel. 


1 
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TEST QUESTIONS, Sat 16 

1. What is the pH of a O.l ^ aqueous solution of diethylamine? Kt « 1.26 X 10'^. 

2. Indicate the sequence of reactions one could use in the laboratory to convert 
propyl iodide into propylamine, and what weight of propylamine could be produced 
from 17 g of propyl iodide if each step takes place in a 90% yield? 

3. Work problem 2 for the conversion of propyl iodide into n-butylamine. 

4. What volume of nitrogen gas, measur^ at 745 mm and 25°, will be collected 
if 0.15 g of butylamine is treated with nitrous acid, and the nitrogen is collected with 
98% efficiency? 

5. What is the moleeular weight of a monoamine if a 0.22-g sample produces 59.0 
ml of N], measured at 25° and 738 mm, assuming the per cent efficiency of collection 
of nitrogen is 95%? 

6. A 10-g sample of urine was treated with nitrous acid and the Nt collected 
over concentrated KOH. When the volume of the gas was corrected to standard con¬ 
ditions, it was found to occupy a volume of 89.6 ml. What was the percentage of urea, 
(HsN)]C0, in the sample? 

7. What is the concentration of hydroxide ion in 200 mi of an aqueous solution 
containing 5 g of isoamylamine? Kb - 5 X 10~^ 

8. How could one separate and isolate the components in a mixture of octanoic 
acid, THKtylamine, and 2-octanol without resorting to fractional distillation other than 
the separation from ether or chloroform? 

9. What series of laboratory reactions could be used to convert methyl Ti-propyl 
ketone to n-propylamine? 

10. ^liat are two different qualitative test-tube experiments which could be used 
to distinguish pure samples of the isomeric amines, n-f)entylamine and ethyl-n- 
propylamine? 

11. Indicate the series of reactions one could use in the laboratory to prepare each 
of the following, starting with l)enzcnc in each case: (a) m-i-hloroanilinc; (b) m-fluoro- 
benxoic acid; (c) 3,4'-dimethylbiphenyl; (d) 3-iodo-4'-mcthylasobenzcne: (e) 4-chloro- 
4'-bromoazobcnzene; (f) m-bromobiphenyl; (g) 2,&^initrophenol; (h) 3,3'-diiodoaso- 
bentene; (i) tnlinitrolienzene; (j) 1,3,5-tribromobenzene. 

12. How could one separate and isolate the components in the following mixtures 
without using fractional distillation other than the separation from ether; (a) salicyl- 
aldehydc, p-hydroxybensaldehyde, N-methylaniline, henzaldehyde, and toluene; (b) 
p-chlorophenol, p-chloroaniline, p-chloro-N-methylaniline, and p-chloronitrobenzene? 

13. How can the following be distinguished by qualitative test-tube experiments; 
(n) CANHaCl from Cl-CsHr-NH*, (b) GHr-CiHr-NH, from C,H,NHCH,? 

14. Starting with a substituted nitrobenzene, how could 3,3'-diethylbipheny1 be pre¬ 
pared in the laboratory? 

15. If a water solution of benzenediazonium chloride shows the presence of chloride 
ion and is neutral, what is known regarding the strength of the base benzenediuonium 
hydroxide, ^Ne^H"? 

16. What weight of iron is necessary to reduce 100 g of nitrotoluene to toluidine in 
add solution? 

17. What is the relative order of basicity of aniline, p-nitroaniline, N-methylaniline, 
and eyclohexylamine? 

18. Offer on explanation for the observation that benzenediazonium chloride does 
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«I)ite ^ the ^ charges, the electrons are more easily removed 

{rom the 2« orbitals than the le orbitals of hydrogen and helium. The ioniza¬ 
tion potential of the next element, boron, is a little less than that of beryllium, 
owing to the grater distance of the 2p orbital from the nucleus. The poten¬ 
tials (rf carbon and nitrogen increase over that of boron because of the greater 
nuclear charges. However, the 2p orbitals of nitrogen are half filled, whereas 
they are more than half filled for oxygen. In spite of the greater nuclear 
charge of oxygen, it is easier to remove an electron from oxygen than from 
nitrogen. This fact supports principle 5 above. In similar fashion, the five 
principles above are found to account for the ionization potentials of all the 
elements. 

b. Shapes atomic orbitals. The atomic a orbitals are spherically symmet¬ 
rical about the nucleus as shown in Figure 1.1. 



Fig. 1.1. Repre¬ 
sentation of an 
atomic t orbital. 
The nucleus is des¬ 
ignated by -(-. 



Fig. 1.2. Shape of on atomic p or¬ 
bital. The position of the nucleus is 
designated by -f. 


It must be kept in mind that an orbital is a particularly shaped region in 
apace within which electrons are likely to be found. All a orbitals are spherical, 
being concentric about the nucleus. Thus, the 2s or¬ 
bital surrounds the Is orbital. 

A p orbital has the shape shown in Figure 1.2. Each 
p orbital has two spheres just tangent at the nucleus. 

The three p orbitals in any given shell are mutually 
perpendicular as the cartesian coordinates, and arc re¬ 
ferred to as p„ p„, and p, orbitals. See Figure 1.3. The 
d and/ orbitals are more varied and complex in shape. 

c. Bond formation. To explain the valences of many 
of the elements, it was proposed independently by the German chemist W. 
Kossel and by the American chemist G. N. Lewis in 1910 that the elements 
strive to acquire the electron distributions of the nearest inert elements. 
1 his idea is easy to accept because the inert elements resist entering into 



Fig. 1.3. 
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chemical combination. There muet be something about their electronic struc¬ 
tures that gives them optimum stability, and the feature they have in 
common is eight electrons in their outermost orbits (except helium, which 
has only two altogether). Sodium is eager to lose its outer electron to acquire 
the closed-sh^l distribution or octet of outer electrons, like that of neon, 
resulting in an ion with a unit positive charge. Sodium, therefore, is said to 
have ui electrovalence of +1. By the same reasoning, the most common 
electrovidence of chlorine is —1, because it seeks one electron to acquire the 
octet of outer electrons like that of argon. 

Now, if these two elements, sodium and chlorine, were allowed to react in 
some way, they would vigorously accommodate each other, sodium releasing 
its electron to chlorine, resulting in the two ions, Na'*' and Cl'. These ions 
would attract each other by couUmbic attraclion (the name of the force by 
which oppositely charged particles attract each other and like-charged par¬ 
ticles repel each other) to form the stable salt, NaCl. In the same fashion, 
two chlorine atoms could each acquire an electron from magnesium, which is 
anxious to give up two electrons, to form the Mg’*"*’ and two Cl“ ions. These, 
of course, would be attracted by coulombic forces to form the salt 
Cl'Afg+^Cl', or MgClj. These ionic charges, resulting from the complete 
loss or gain of electrons, are referred to as eUctrovalences. 

The novel idea of Lewis in 1916 was that atoms may also acquire electrons 
on a part-time basis by sharing them with other atoms. For example, each 



Fig. 1.4. Cross-sectional view 
through the nuclei of the i-s molecu¬ 
lar orbital of the hydrogen molecule. 


hydrogen atom seeks another electron to 
have two like the inert element helium. 
When two hydrogen atoms bond to form 
the hydrogen molecule, their atomic s 
orbitals overlap, and the two electrons 
pair up to move about in a new orbital 
called a molectdar orbital. Within this new 
orbital each electron is electrostatically 
attracted to two nuclei instead of one, 
and as a result, the hydrogen molecule 
b more stable than two isolated hydrogen 


atoms by 103 kcal/mole. Thb explains the energy of such a bond, called a 


covalent bond. It can be seen that the bonding energy is really due to electro¬ 


static forces. 


Like atomic orbitab, molecular orbitab can accommodate only two 
electrons, and then only if the electron spins arc antiparallel. The more the 
atomic orbitals of tw’o nuclei can overlap, the stronger is the covalent bmid. 

In the same fashion as hydrogen, other elements try to acquire electron 
distributions of inert elements by sharing electron pairs. Since the covalent 
bonds arise by each atom donating one electron to form a shared pair, the 
number of orbitals about an atom containing an unpaired electron will deter- 



mine the covalence of the element. For illustration, the covalences of 3, 2 , 2, 
and 1 for nitrogen, oxygen, sulfur, and fluorine, respectively, are predictable 
from their electron distributions shown in Table 1 . 1 . 

d. Covalent bond angles. Since an s orbital is spherical, it can overlap 
another orbital equally in all directions and the tendency to bond is equal 
in all directions. The p orbitals are mutually perpendicular to each other, 
and therefore their overlap with other orbitals is greatest in directions normal 
to each other. Consequently, elements using p orbitals, such as nitrogen, 
oxygen, and sulfur tend to form bonds making angles of 90° with each other, 
as illustrated in Figure 1.5. By actual measurement (cf. Section 6.1), the 
H—S—H bond angle of HjS is 92° 20'. 



Fig. 1.5. Representation of the molecular orbitals in the HiS molecule. 


Oxygen, too, should form bonds making an angle of 90° with each other, 
but the angle is found to be 100 ° in FjO and 105° in HjO. This discrepancy 
is due to the repulsion between the atoms attached to oxygen, which spreads 
the bond angles. When attached to the larger 
sulfur atom in HjS, the two hydrogen atoms 
are farther apart, so that there is less repul¬ 
sion between them and they distort the nor¬ 
mal bond angle less. 

In the electron configurations of phosphorus 
and nitrogen, each element has 3 unpaired p 
electrons. Hence, these two elements should 
be tricovalent with interbond angles of 90°. 

In PH 3 , the H—P—H bond angles are 93°, 
whereas in NHj, the H—N—H bond angles 
are 106°. Here again, spatial requirements 
about the smaller nitrogen atom cause 
larger bond angles about nitrogen than are found about phosphorus. 

e. Hybridization of bond orbitals. According to the electron distribution 
of carbon, ls’28*2p‘, carbon should be dicovalerU. Ho^vever, in all stable 



' i 


Fig. 1.6. Theoretical bond an¬ 
gles about nitrogen in NH;i. 
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oompouads of cwbon it is found to hnvo a oovaileiMW of 4 . To Moount for 
tltis fnetK lious Paiding proposed that atomic orbitals about aa atom may 
merge or hybridise to form eomposite or hybrid orbitals. Thus, if carbon 
promotes one of its 2 < electrons to a 2 p orbital, the 2 fl and three 2 p orbitals 
inay merge to form four sp^ hybrid orbitals, each containing 1 electron. This 
process enables carbon to form four equivalent covalent bonds instead of 
only tiro, thereby leading to more stable compounds. The energy necessary 
to immote the 2 « electron to a 2 p orbital is offset by the greatw stability of 
spMype bonds over p-type bonds and the larger number of bonds which can 
be formed. It can be deduced that carbon does not promote the 2 « electron 
to the 2 p orbital and then form one a and three p covalent bonds, because 
tiien one bond would be different from the other three. To the contrary, it 
is well established that the four carbon bonds in a simple molecule like CH 4 
or CCI4 are identical. 

Furthermore, it is found that four sp’ hybrid bonds form angles of 109.5° 



Fig, l.7a. Four ip’ hybrid bonds Fig. 1,7b. A tetrahedron fits into a cube 

point to the apices of a tetrahedron. with apices at opposite comers of a cube. 


with each other (in the absence of interatomic repulsive forces, which may 
distort these angles as they do in H 2 O). See Figure 1.7. 



In a similar way, boron may promote one of 
its 28 electrons to a 2 p orbital, and then the 28 
and two 2 p orbitals can merge to form three 
8 p‘ hybrid orbitals. This accounts for the fact 
that boron is tricovalent rather than unicova* 
lent. For instance, BCU is a gas at room 
temperature, having a melting point of —107° 


Rg. 1.8. Bowl »,gl»i™BCI. 't 

form coplmiar bond angles of 120 . See Figure 1.8. 


In order to depict molecules in which the atoms are joined by covalent 


bonds, structural formulas are drawn. It is conventional to let the symbol 
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for an eleioeiit i^esent its kernel^ that is, an atom of the element less its 
valence electrons (the outermost electrons, which are involved in chemical 
reactions). Hence, atoms of some of the first few elements are drawn as 
follows: 

H- C- :F- :C1- 

Hydrogen Carbon Fluorine Chlorine 

The dots indicate valence electrons. Molecular chlorine is drawn as ■' Cl •’ Cl: . 
The covalent bond is conventionally designated by a dash; hence. Cl] is 
drawn as : Cl—Cl:, or more commonly as Cl—Cl. Similarly, CH 4 is drawn 


as 


H 

H: C : H or simply as 

ii 


H 



In such a compound, called methane, the carbon has formed four covalent 
bonds, giving it a covalence of 4; each hydrogen atom has a covalence of 1. 
Notice that there is no charge associated with covalence, just a number. 
Accordingly, the covalences of nitrogen, oxygen, and fluorine are 3, 2, and 1, 
respectively. More will be said about covalent bonds and the covalences of 
the first few elements in Section 1.4. 

It is noteworthy that some atoms readily share their electron pairs with 
other atoms to help the latter acquire rare-gas electron distributions. For 
example, nitrogen in ammonia has an unshared pair of electrons (in its 2 s 
orbital) that it shares with a proton to form the ammonium ion. 

H H 

1 1 + 

H—N: + H+ H—N—H 

A i 

Now, the proton has two electrons at least part of the time and the nitrogen 
still has eight part of the time. The combined stability of the ammonium 
ion is greater than that of the separate ammonia molecule and proton. In the 
same way, the nitrogen atom of ammonia readily shares its lone-pair elec¬ 
trons with the boron atom of BCU, in order that the boron atom may have 
an outer octet at least part of the time (it has a vacant 2p orbital, and there¬ 
fore it can accommodate an additional electron pair). 

H Cl H Cl 

H—N: -I- B—Cl -» H—N:B—Cl 

11 II 

H Cl H Cl 
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The bond bet^^'een nitrogen and boron is essentially covalent, and is called a 
coordinate coMlent bond. This term denotes that 1 atom donated both elec* 
Irons of the shared electron pair, whereas a eovdent bond is one formed 
between two atoms to which each atom contributed equally. 

Simple boron compounds are planar, and ammonia is pyramidal, but when 
boron and nitrogen form four covalent bonds, they assume tetrahedral con¬ 
figurations like carbon. 

H 

H-i-H 

I 

H 


H 

I 

H-C-H 

I 

H 


H 

H—X-H 
H 


Boron changes from sp* to sp* bonding, and nitrogen changes from p to sp* 
bonding. It is evident that hybridization has occurred in the ammonium 
ion, for if it had not, three of nitrogen’s bonds would be using p orbitals and 
one would be using an s orbital. One hydrogen atom would then have differ¬ 
ent properties from the other three, but this is not observed. 

Lewis recognized the tendency of certain substances to share their electron 
pairs readily and the tendency of other atoms to accept and share an elec¬ 
tron pair readily. He called the electron donors bases, and the electron-pair 
acceptors acids. This concept provides the most \ndely applicable theory of 
acids and bases and is referred to as the Lev is theory or ekclronk theory of 
acids and bases. 

Often when a coordinate covalent bond is formed, charges arise on the 
two atoms involved. For instance, in the ammonia-boron trichloride salt 
above, when the nitrogen atom of ammonia shares its electron pair with the 
boron atom, the nitrogen loses a portion of the negative charge normally 
found near its nucleus. At the same time there is an increase in negative 
charge about the boron nucleus. This creates a fraction of a unit positive 
chaise on the nitrogen and a fractional negative charge on the boron, which 
charges are referred to as formed charges. Hence, the structure of the salt is 
more correctly written 

H Cl 

i I 

H-X-B-Cl 

1 i 

H Cl 


Another way of understanding how these formal charges arise is as follows: The 
nitrogen atom is regarded as having all 8 electrons revolring around it part of the 
time and the rest of the time these same shared pairs of electrons are revolving around 
the other 4 atoms, leaving none for nitrogen. The time-average number of electrons 
about nitrogen, then, is 4. Nitrogen wants 5 in its valence shell for electrical neutrality 
(charge of +7 on nucleus, —2 in first orbit, hence, -5 in outer orbit), and therefore 
the time-average number of 4 gim it a residual unit posith'e charge. The boron too 
will have a time-average number of 4 electrons about it, but it wants only 3 for neu- 
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trality (+6 on nucleus, -2 in first orbit, hence, —3 in outer orbit). Therefore, the 
time-average number of 4 electrons about boron gives it a residual unit negative 
charge. 

In general, bne-half of the electrons of a covalent bond may be considered 
as belonging to e^h atom forming the bond. A formal jckarge, then, is the 
resultant of the kernel charge and the charge of the surrounding electrons 
after equal distribution of shared electrons. The charge on the kernel is always 
positive and equal to the number of valence electrons. This usually turns 
out to be equal to the number of the group to which the atom belongs in the 
periodic table. Thus, for hydrogen, carbon, nitrogen, oxygen, and the halogens, 
the kernel charges are -(-1, -1-4, -1-5, 4-6, and 4-7, respectively. 

1.2 IONIC AND COVALENT COMPOUNDS 

In the previous section, it was found that the atoms in some substances 
are held together by coulombic attraction between oppositely charged ions, 
and that such binding forces are called eleclrovalmt or ionic bonds. On the 
other hand, in some compounds the atoms are joined through shared elec¬ 
tron pairs, and such bonds are called covalent bonds. These are the two prin¬ 
cipal types of chemical bonds, and it Avill be helpful to compare the general 
properties of ionic substances with those of covalent compounds. The broad 
comparisons are made in Table 1.2 and each comparison i" discussed below. 


TABLE 1.2. COMPARISON OF IONIC WITH COVALENT SUBSTANCES 


Ionic 

1. Usually inorganic 

2. High melting and boiling points 

3. Sol. H 2 O; insol. organic liquids 

4. Conduct electric current in molten 
state and in solution 

5. Hard to burn 

6. Reactions ionic, rapid, and simple 

7. From any of 103 elements, numbering 
about 100,000 

8. Bonds between like elements rare and 
isomerism unusual 


Covalent 

Commonly organic 
Low melting and boiling points 
Sol. organic liquids; insol. H 2 O 
Solutions and melts nonconducting 

Burn readily 

Reactions molecular, slow, and complex 
Mostly from 10 elements, numbering 
about 1,000,000 

Bonds between carbon atoms typical and 
isomerism common 


Comparison No. 1: Earlier it was stated that organic substances are those 
containing carbon, and that inorganic substances are those which do not 
contain carbon. Naturally, there are exceptions and borderline cases for all 
the comparisons made in Table 1.2. Right here, for instance, the student may 
think of carbon-containing sodium carbonate and potassium cyanide among 
the inorganic substances he studied in general chemistry. Such substances, 
however, can be obtained from mineral deposits, and their properties are so 
related to those of inorganic chemicals that it is advantageous to group them 
with the inorganic substances. Then too, quite a number of covalent com- 





as tiu MX« and MHi oompoiiada ot 
gioui^ IV m t^ titda, ivban M ia Si, So, Ge, or Pb, and X is a l^pgeii. 

l^avtt^icileaa, tkte eovakat oompottods which do contaLa carbon outnumber 
the other eovel«kt oompoondB by manyfold and are of such greater impor- 
tanoe that the eompariBone made in TaUe 1.2 are useful. The distinction 
between oifanie and inorganic substances, then, is merely for convenience. 

C o mpari s o n No. 2: In the solid state, ionic substances exist as a large ag¬ 
gregate of oppositely charged ions in a rigid lattice with each ion surrounded 
by four to twelve ions of opposite charge, depending on the type of crystal 
lattice formed. Therefore, when the solid melts, in order to break up the ionic 
duster to produce the ionic mobility of the liquid state, the coulombic at¬ 
traction between many ions must be overcome. This requires considerable 
energy and prevetats the salt from melting untU high temperatures have been 
reached. NaturaUy, much higher temperatures, i.e., more heat energy, must 
be provided to separate the ions furtW for vaporization. Consequently, the 
boiling points of sdts are extremely high, provided they can be reached 
vrithout decomposition. 

On the other hand, covalent bonds do not give rise to the large charges 
found in ionic substances. The covalently bonded molecules are essentially 
neutral. This causes only weak intermolecular forces and therefore requires 
rdatively little energy to separate them. Consequently, the processes of 
mdting, vaporization, and sublimation of covalent compounds require much 
smalier magnitudes of energy than for ionic substances; accordingly, the 
melting points and boiling points of covalent compounds ue in much lower 
temperature ranges. This is illustrated by the series of chlorides shown in 
Table 1.3. 

Tabu 1.3. MauNG and boung tomts of a snses or chlomdes 

Ionic Covalent 

NaCl MgCl, BCl, CC1« 

Melting point 804* 712* -107* -23* 

Boiling point 1413’ 1412° 12.5* 76.8* 

Most of the salts and solid inorganic substances encountered in general 
chemistry melt above 250* and boil above 750* if they boil before decomposi¬ 
tion. In contrast to this, most organic substances melt below 250*, and 
generally those which boil without decomposition do so below 350*. The com¬ 
mon organic substances already familiar to the student are liquids even at 
room temperature—alcohol, gasoline, ether, carbon tetrachloride, chloroform, 
kerosene—and this means ^t their melting points are below ro(»n tem¬ 
perature. 

Comparison No. S: Some molecules have high polarisabilitieB. Ihat is to 
aay, wW they are brou^t near an electric charge, the negative partidea 



n 

'witiiin ibem (the eleotroDB) are eaoly displaced from their normal positions 
(rolled by a negative charge and attracted by a positive charge). This 
tokds to make one end of a molecule negative and one end positive, although 
the molecule is neutral as a whole. A body with a negative and a positive 
end is called a dipole, and if the dipole arises only when the molecule is 
brought near an electric charge, the dipole is said to have been induced by 
the electric charge. It is logical that the magnitudes of induced dipoles are 
proportional to the polarizabilities of molecules. In addition, within some 
molecules, the distribution of electrons and nuclei may cause the molecules 
to have permanent negative and positive ends. These molecules are always 
dipoles and are referred to as polar molecules. For example, in iodine mono- 
chloride, chlorine has the greater electronegativity, i.e., attraction for elec¬ 
trons, so that the shared pair of electrons is closer to, or spends more of the 
time traveling about, chlorine than iodine. This builds up the negative charge 
about the chlorine and decreases it about the iodine to create formal charges 
on the atoms (sometimes designated by j— and i-f- symbols) and makes 
the molecule a permanent dipole. The three degrees of polar character are 
exemplified by the chlorine compounds, molecular chlorine, iodine mono¬ 
chloride, and sodium chloride. 

Cl—Cl '+I—Cl»- Na+Cl- 

Nonpolar Polar Ionic 

It should be pointed out here that even nonpolar molecules have small 
affinities for one another. The rapid oscillations of electrons about atomic 
nuclei create momentary alternating dipoles which will cause weak attrac¬ 
tions between nonbonded atoms when brought close to each other. These 
forces are called van der Wools forces and operate only within short ranges. 
Hence, nonpolar molecules have extremely weak attractive forces between 
them (van der Waals forces); polar covalent molecules have stronger oou- 
lombic, but still relatively weak attractive forces between them; and ion pairs 
have large ooulombic attractive forces between them. The melting and 
boiling points of these three types of compounds increase in this order owing 
to the increasing intermolecular attraction. 

In water, for another example, the oxygen atom has the greater electro¬ 
negativity and pulls the shared electron pairs toward itself and away from 
the hydrogen atoms. Formal charges arise on the atoms to make the oxygen 
end of the molecule the negative end, and the molecule is a permanent dipole. 
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Wlien polar moleeuleB have large polanzabUitiea, they make good solventa 
for ionic substances.' Such is the case for water, liquid ammonia, and sulfuric 
acid. TMien an ionic substance is placed in one these polar solvents, the 



Fig. 1.9. Ball-and-sHck model of the water molecule. 


ions attract the polar solvent molecules. The negative ends of the polar 
molecules are bound to the cations and the positive ends to the anions. This 
weakens the interionic forces and eventually the two ions separate, being 
surrounded completely by solvent molecules. 


Diagrammatic sketch of the dissolution of a sall^ 





/o-\ 

-/ V'N 
H « H+; 



Salt i« placed in water 


^ Since the molecules of HjU are polar, Tinth large polarizabilitiea, the aubatance water baa 
a large di^ctric comiafU. 

’ The + and — aigna repreaent only fractional charges. 
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V ^ / 


/py 





Each ion is surrounded by water molecules (hydrated) and 
moves independently in the solution 

This is a very oversimplified picture of the process of dissolution of salts. 
Actually there are so many factors which affect the solubility of a salt that 
there is no simple, generally applicable theory for the solubility of electro¬ 
lytes. The most important factors are related to sizes and charges, of the 
individual ions, and salt solubilities depend primarily upon how these factors 
determine the stability of the crystal and secondly upon how the solvent 
molecules weaken the crystal forces and stabilize the ions in solution. These 
various effects are summarized in Table 1.4. 

Rarely does a covalent substance have a high dielectric constant, hence 
ionic substances normally do not dissolve to any appreciable extent in organic 
liquids. As a rule, inorganic substances dissolve only in liquids of high dielec¬ 
tric constants and usually then with ionization. In contrast to this, organic 
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TAME \A. FAaOHS MRUENONG THE 

Solubility InGreaeed by 
(Stabiluotion of ion); 

1. Solvation of ions through 

coulombio attraction 

2, Solvation of ions through co¬ 

valent bonding (complexes) 


* L. E. Steiner and J. A. Campbell, Gi 
York, 1B65, Ch^>. 24. 
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UMUTY OF SAtTE IN FOUR SOLVENTS* 

Solubility Decreased by 
(Stabilisation of crystal); 

1. Covalent bonding 

2. High ionic charge densities 

3. Radius ratio near 0.75 

4. Ionic ratio of 1; 1 

5. Hydrogen bonding in crystal 

6. Symmetrical ions 

7. Low temperatures 

Chemiitry, The Macmillan Company, New 


oompounds do not tend to dissolve in water or liquids of high dielectric 
oonstants. Since polar molecules are attracted to one another, in the liquid 
state they consist of large clusters of associated molecules. Nonpolar solute 
molecules are unable to break up these clusters and therefore do not dissolve 
in the polar solvent to any appreciable extent. The forces of attraction be¬ 
tween covalent molecules are relatively weak, and when an organic substance 
is placed in an organic liquid, the solute and solvent molecules show little 
preference in association and readily mix with each other. Hence, dissolution 
takes place, for it is nothing more than the intermingling of different mole¬ 
cules. This tendency for ionic substances to dissolve in polar but not in 
nonpolar solvents, and conversely, of nonpolar substances to dissolve in non¬ 
polar but not in polar solvents, has led to the “rule of thumb” that like 
diuolvu like. Nevertheless, when organic substances do dissolve, ions are not 
iwoduced. 

Compaiiaon No. 4: It has been shown that inorganic substances ionize 
when they dissolve, and of course, moving ions may conduct a current. Too, 
when ionic substances melt, the ions gain freedom to move about independ¬ 
ently. Therefore, molten ionic substances and solutions of ionic substances 
conduct electric currents. Since covalent compounds melt or dissolve without 
producing ions, their melts and solutions are nonconducting. 

CompafiMn No. 6: Everyone knows that gasoline, kerosene, ether, and 
other oommon organic chemicals bum very readily; indeed, oils have long been 
used for domestic heating. The high flammability of organic chemicals is the 
chief concern of chemists in the laboratory. Care must always be taken to 
minimise the risk, and precautions must be taken to meet an emergency 
should an accident occur. On the other hand, inorganic substances rarely 
undergo combustion and therefore they do not present a hazard from the 
standpoint of laboratory fires. 

In general, covalent compounds will readily undergo combustion, many 
sprmtaneously, so that most organic compounds will bum. As an exception. 
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the polyhategenated oompounds, such as carbon tetrachloride, do so witii 
diffimilty. The difference in behavior of organic and inorganic compounds 
toarard heat is the basis of a qualitative method of distinguMhm g the two. 
When a small sample of an unknown is gently heated on a spatula ovor an 
open flame, orguiic substances will either ignite and bum, volatilize, or melt 
and decompose to a charred residue. Inorganic substances will, in general, 
undergo no apparent change, although occasionally if the temperature gets 
high enou^, they may be dehydrated and exhibit a change in color or crystal¬ 
line form. Nevertheless, as a simple, quick method, this test is frequently 
used to determine whether a substance is organic or inorganic. When there 
is doubt after using this test, more reliable and more elaborate tests may be 
employed. 

Comparison No. 6: Most inorganic reactions involve ions among the re¬ 
acting species, and therefore take place in aqueous media. Consequently, the 
reactants are in the state in which they will react, and this allows the reaction 
to take place very rapidly when the reagents are mixed. That is to say, inor¬ 
ganic reactions are usually ionic and rapid. For instance, when aqueous 
solutions of sodium chloride and silver nitrate are mixed, 

(Na+ -I- C1-) -I- (Ag+ + NOr) — Na+ + NOr + AgCl 

in one in eecond a pre- 

veBoel veaael cipitAie 

the silver chloride precipitates immediately. Furthermore, inorganic sub¬ 
stances normally react to give only one set of products. For example, a typical 
reaction like 2H'*’ + 2C1~ -H Zn —► H* -I- ZnCU always involves these same 
substances irrespective of the molar ratio of reactants, the temperature, the 
order of mixing, or other experimental variations. Of course, not all reactions 
are as insensitive to changes in experimental conditions, but generally varia¬ 
tions in experimental conditions do not cause large alterations in the types 
of products produced in inorganic reactions. 

Organic reactions are, first of all, molecular. By that is meant that moleadea 
rather than ions react. Secondly, in order for the reactants to give the products, 
chemical bonds within the reacting molecules must first be broken. This fis¬ 
sion of covalent bonds may come about in several ways, three of which will 
be described here. First of all, a covalent bond consists of a shared pair of 
electrons. When the bond is broken, the electrons may be equally distributed, 
honuijftic cleavage, or both electrons may stay with one atom, Aeterofyfsc 
cleavage. 

Homolytic Cleavage Heterolytic Cleavage 

A:B->A+B' A;B-*A:--|-B+ 

Free radicsla An A 

■nion cation 

Homolytic fission produces two free radical fragments and is noimally initiated 
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by other free radicals or radiation. Heterolytic fission produces two ions and 
is usually initiated by ionic or polar reagents. Hence, it is called a pdar 
mechanism. For example, sodium metal reacts with methyl bromide in solutbn 
to produce sodium bromide and a methyl radical. 

H H 

H—C:Br + Na‘ H-C' + Na :Br (1) 

The methyl radical is very reactive and two quickly combine to form ethane.' 
The net reaction is then, 

H H H 

J, 11 + 

H—C: Br + Na i H—C: C—H + Na : Br- (2) 

1 I I 

H H H 

An equally plausible mechanism for this reaction is the following: 

R—X + Na’ -^R' +Na+X- 
R' + Na ’ -+ ~R: Na"*’ 

-R: Na+ + R—X -+ R: R + +NaX- 

That is, the alkyl free radical and a sodium atom form an ion-pair. The 
negative ion in this ion-pair, a carbanion in this case, attacks an alkyl halide 
molecule to displace the halogen atom. Not enough is known about the 
reaction to decide between these two proposed mechanisms for the reaction. 

In a different case, aluminum bromide resets reversibly with methyl 
bromide by the heterolytic process. 

CHr-Br -I- AlBr, ^ H,C+ -I- -AlBri (3) 

If benzene is present, the methyl cation (a carbonium ion) will attack it and 
produce toluene. 

C,H, -h H,C+ - C,H»-CH, -1- H+ (4) 

The overall reaction is then 

C,H, + CHiBr + AlBr, C.H,-CH, -|- HBr: AlBr, (6) 

Often the polar mechanism takes place without the temporary formation 
of ions. For instance, hydroxide ion resets with methyl bromide by attacking 
the molecule from the side opposite to the bromine atom. 

' The methyl radicals can react witii one another only when a third body is present to 
absorb the excess energy or when the excess energy is emitted as heat. 
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H 

\ 

H—0 : -f C—Br 


H H ■ H 

\ , / 

H-0-C • -Br H-O-C-H + :Br- 


H 

TranaitioD itate 


\ 


H 


( 6 ) 


As the hydroxide ion approaches the carbon atom and begins to form a bond, 

i.e., share an electron pair, the carbon-bromine bond becomes weaker and 
finally a stage is reached where carbon is weakly bonded to the oxygen and 
bromine atoms. This transitory stage is called a transition state and is con¬ 
ventionally written in brackets. At this point, the reaction may go forward 
to produce the products or go in the reverse direction to yield the original 
reactants. Much more will be said about these reactions later. They are 
given here merely to illustrate some of the mechanisms by which organic 
molecules react. As a generality, the polar and free radical mechanisms can 
be compared as follows; 


Polar Reactions 

1. Usually occur in solution or on polar surfaces but rarely in the gas 
phase. 

2. Are often catalysed by acids or bases, and their rates are strongly 
influenced by the polarity of the solvent. 

3. Are seldom chain reactions (defined below). 

4. Are rarely affected by radiation or reagents containing unpaired elec¬ 
trons, such as oxygen or decomposed peroxides. 

Free Radical Reactions 

1. Frequently occur in the gas phase, proceed by chain mechanisms, and 
often show induction periods. 

2. Usually initiated by radiation, heat, or other free radicals. 

3. Are inhibited by substances which readily react with free radicals. 

4. Are rarely acid- or base-catalyzed, and their rates are usually independ¬ 
ent of the polarity of the medium. 

The detailed, step-by-step description of a chemical reaction is called a 
reaction mechanism. However, it is only a hypothesis proposed to account for 
the observations. The critical intermediate stage through which a reactant 
must pass to reach the product, called the transition state or activated com¬ 
plex, is not isolable; therefore one cannot say a reaction mechanism is proved. 
The more facts it accounts for and the more predictions that can be made 
based on the mechanism, the better established and the more confidence we 
have in the theory of organic chemistry. In this way, reaction mechanisms 
facilitate an understanding and the control of organic reactions, and even¬ 
tually it might be possible for a chemist to synthesize any desired molecule. 
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The meehaiURinB of most reactions can be oonridered as substitution, addi¬ 
tion, or elimination reactions, or combinations of these three types. The 
ftttores of tiiese three modes of reactionB, therefore, will be presented in 
appropriate places in this book. 

In our comparison of reactions of ionic and covalent compounds, we have 
just seen that the covalent molecules generally do not react as rapidly as the 
ionic substances because the covalent compounds must undetBo some type 
of transition in order to pass from the reactant to the product. The organic 
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reactions are also more complex than ionic reactions. Consider the reaction 
between bromine and methane. 


H 

H—i—H 


H 


-|- Br—Br ■ 


H—i—Br + H—Br 


H 


1 

H 


(7) 


Methane Bromine Methyl Hydrogen 

bromide bromide 


Before the reaction can take place, the bromine-bromine bond must be 
broken to yield two bromine atoms. This cleavage is effected by heat, by a 
metallic catal3r8t, or by radiation (in the last case, the process is called 
photodisBOciation and is normally brought about by sunlight, a 300-^500>watt 
lamp, or an ultraviolet lamp). A bromine atom then abstracts a hydrogen 
atom from methane to form H—Br and a methyl free radical. The latter 
then attacks a bromine molecule to give a methyl bromide, and the bromine 
atom BO liberated continues the cycle. This sequence of steps can be described 
by the fdlowing equations: 

Br:Br- “^- >2Br ' (8) 

hMtMKV ^ * 

CH 4 + Br ’-♦H.C ' -|-H : Br (9) 

Br: Br -I- H,C ■ -»H|C: Br -|- Br ’ (10) 

When the bromine atom formed in equation (10), reacts with anotiier metimne 
molecule as in equation (9), it regenerates a methyl radical which may react 
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with ttiotiter btooame molecule as in equation (10). By repetition of reactions 
(0) and (10) the process of bromination is profpagaied without additional 
absoiption of enei]gy as needed in the initiation step (equation (8)). Such 
self-perpetuating leactionB are called cAom reactiona and are terminated by 
any of several ways in which the formation of free radicals ceases. 

The situation is even more complex because after an appreciable number 
of methyl bromide molecules have been produced in the reaction above, a 
bromine atom has a good chance of encountering and reacting with a methyl 
bromide molecule instead of with a methane molecule. Accordingly, the 
reactions 

Br ■ + CHiBr ‘ CH,Br + HBr 

CHiBr "h Brj —♦ CHsBri -1* Br 

will proceed at a significant rate, resulting in a second organic product. 
Obviously, when the concentration of CHiBri builds up, it too may react to 
produce CHBra, and this in turn can yield some CBra. Therefore when 
bromine is allowed to react with methane, all these products are produced, 
CHiBr, CHiBrx, CHBri, and CBri, the amounts of each decreasing in this 
order. Furthermore, one cannot prevent the formation of any one or more 
of these products. Not all organic reactions will yield so many products; 
but usually more than one product can be formed, and for this reason organic 
reactions are complex in comparison to inorganic reactions. 

The fact that several products are produced is not the difficulty; it is that 
they are not produced in any fixed stoichiometric* ratio. The molar ratio of 
the various possible products from an organic reaction is usually dependent 
upon experimental conditions of temperature, molar ratio of reactants, type 
uf catalyst used, concentrations of reactants, pH, etc. Therefore the experi¬ 
mental conditions that yield the optimum quantity of desired product must 
be learned from controlled experiments. Then, the ratio of the amount of the 
desired product actually obtained to the amount which is theoretically pos¬ 
sible, according to the equation for the reaction, is referred to as the per cent 
yidd. This is the point of major concern to all organic chemists. How efficient 
is the process? Seldom are organic reactions 1(X) per cent efficient, even if 
allowances are made for mechanical losses, such as material sticking to reac¬ 
tion vessels. On the other hand, close to 100 per cent efficiency is not uncom¬ 
mon for inorganic reactions. 

Conqwxiaon No. 7: Naturally an exact figure cannot be given, but it is a 
fair guess that the number of inorganic substances actuidly prepared aiul 
isolated is leas than 100,000. There are 103 known elements; thus, excluding 
carbon, these 100,000 inorganic substances can be said to have been produced 
from two or more of the 102 remaining elements. In contrast to this, tire 

* The •toiehiometric nUo <rf a reaetioa ii the molar ratio of reaotaote and proihicte 
adieated hjr the dwinioal equation for the reaction. 
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ntonber w identified or^nie compounds is appnndiDatdy 

1,000)000^ the majority of whidi come from just the ten elements, carbon, 
li3nht>ssn, oxygen, nitn^en, {diosphonis, sulfur, and the four halogens. The 
qmabols can be arruiged to read, S. P. COHN, X, (S. P. Cohn the tenth) 
where X rqnresents the halogens as a group. Thus, from one-tenth as many 
dements, ^e orpmic compounds outnumber the inorganic compounds tea 
to one. 

When atoms of like elem^ts are joined together they do so through co¬ 
valent bonds, and it is very rare to find atoms of like elements bonded together 
m inorganic substances. A few elements, however, particularly carbon, readily 
form long chains or rings of the same type of atoms. Therefore, several 
different organic molecules may contain the same number and type of atoms, 
but have different carbon skeletons. This gives rise to a phenomenon fre¬ 
quently found among covalent compounds, but not among ionic substances, 
namely, iaomerim. Because of the formation of chains or rings of covalently 
bonded atoms, whereby several different molecules may have identical 
molecular formulas, covalent compounds outnumber ionic substances by a 
large ratio. 

Compaiiaon No. 8 : IsotnerB are compounds having the same molecular 
formula but different molecular structures. Thus, two isomers contain 
identical types and atomic ratios of elements, but the atoms in the two isomers 
have different positions relative to one another in space. For example, ethyl 
alcohol and methyl ether may be represented by the graphic formulas; 

H H H H 

'I i ' 

H-c-c-o-H n-c-o-c-n 

II II 

H H H H 

Ethyl alcohol Methyl ether 

It can be seen clearly that in the alcohol molecule the oxygen atom is between 
a carbon and a hydrogen atom, and in the ether molecule the oxygen atom 
is located between two carbon atoms. Other differences can be seen, but one 
is Buffici^t to prevent the two molecules from being identical; and there¬ 
fore they will have different properties. For instance, the alcohol readily 
reacts with sodium metal to liberate hydrogen but sodium does not react 
with the ether, and the alcohol is completely soluble in water whereas the 
ether is only moderatdy soluble in water. 

Consequently the formula CjHiO may be given for ethyl alccdml as well 
as for methyl ether; hence, there must be a way of distinguishing the two 
compounds when using this chemical notation. In general then, molecular 
formulas are inadequate as a chemical shorthand when applied to oi^ipuiic 
compounds. Since isomers seldom occur among inorganic substances, moleo- 
ulai formulas can usually be employed to express inorganic chemical reactions. 
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Covalent bonds have definite, fixed directions in space abodt an atom and 
the resulting bond angles primarily determine the spatial arraOgement of 
atoms witoin the molecule. For example, dichlorotetramine cobaltic chloride 
(Co(N‘Hi) 4 C 1 i)'*'G 1 '' can be pr^tared in a bright green isomer and a viol^ 
isomer whose structures differ in the arrangement of the covalently bonded 
ammonias and chlorine atoms about cobalt. 

Cl NH. 



On the other hand, ions exert electrostatic forces equally in all directions, 
forming ionic bonds in no preferred direction. Consequently, isomers do not 
arise. Isomerism, then, is not peculiar to organic compounds but to covalent 
compounds, and therefore occurs among covalent inorganic compounds as 
well. Since most inorganic substances are ionic, however, isomerism is not 
common among them. When it does occur, then diagrammatic structures 
must be employed, as is done for organic compounds. 

It is noteworthy that an empirical formula for a compound indicates the 
ratio of the atoms of each element in a molecule of that compound and is 
found from an elemental analysis of the material. The molecular formula 
shows the number of atoms of each element in a molecule of the compound 
and found from the elemental analysis plus a determination of the molec¬ 
ular weight of the compound. The experimental determination of empirical 
and molecular formulas was taken up in the course in general chemistry and 
could be reviewed at this time. In this connection, see Appendix A2 for as¬ 
sistance. A graphic or structural formula shows the type and position of all 
atoms in the compound and is obtained from the molecular formula plus cer¬ 
tain knowledge about the physical and chemical properties of the compound. 

For illustration, formaldehyde, acetic acid, lactic acid, and glucose all have 
the same chemical composition and hence have the same empirical formula, 
(CHjG)*. However, they have different molecular formulas: CHjO, CjH«Ojt, 
CiHiOi and CjHijO*, respectively. This reveals the importance of determining 
molecular weights, and indeed organic chemists were quite frustrated until 
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Stanislao Cannizzaro in 1860 pointed out how simply the situation could be 
resolved tf Amadeo Avogadro's hypothesis of 1811 were accepted. 

In 1860 at the inaistenoe of Wurtz, KekuMi and one or two other prominent chem- 
tets, a convention was called at Karlsruhe in the hope of bringing some general under^ 
standing or formal compromise concerning the confusion on atomic weights and 
chemical notation. The convention proceeded with many brilliant speeches being made, 
but no general agreement was reached. At the close, Cannizzaro, a student of 
Avogadro, distributed a pamphlet describing how he taught theoretical chemistry 
based on Avogadro’s hypothesis. The discrepancies, conflicts, and confusion of that 
period cleared up very quickly after the value of Avogadro's hypothesis was recognized. 

In this section, the broad differences in characteristics between ionic and 
covalent substances have been discussed extensively. Because of this marked 
contrast in behavior between ionic and covalent substances, and the fact 
that there are so many compounds of carbon, it is conventional to study 
organic chemistry as a separate branch of chemistry, Whether or not this is 
the wisest procedure is a topic of current debate. This lengthy discussion here 
w^as not given as justification for studying the two classes of substances sep¬ 
arately, but rather to get the student acquainted with some of the general 
characteristics of organic substances and to help him with the transition 
from ionic to covalent substances. 

STUDY EXERCISES^ 

1. In a sentence or two, cite a contribution to chemistry made by each of the 
following named persons: G. N. Lewis, S. Cannizzaro. 

2. What properties of stannic tetrachloride resemble those of carbon tetrachloride? 
What is one way in which the two compounds differ markedly? 

3. What physical properties of an atom are related to its atomic number? 

4. ^Mly is water more likely to extinguish burning grain alcohol than burning 
gasoline? 

5. Would you expect the organic compound CtHyCl to give an immediate precipi¬ 
tate of silver chloride when treated with an aqueous solution of silver nitrate? Why or 
why not? 

6. Why is it necessary to determine molecular weights of compounds? 

7. State briefly several ways in which the properties of organic and inorganic 
substances differ and in what respects reactions of the two classes of substances differ. 

8. Calculate the percentage composition of; (a) C 2 HSO; (b) C 2 HaOCl; and 
(c) C.H7N2CISO,, 

9. Quantitative anabasis of an organic hydrocarbon gave the following results; 


weight of sample.. 0.200 g. 

weight of CO 2 produced. 0.550 g. 

weight of H 2 O produced. — 0.447 g. 


Calculate the empirical formula of the compound. 

10. The freezing-point constant of camphor is 40. In a given experiment, 100 mg 
of camphor (melting point 178**) were mixed with 10 mg of unknown. The mixture 
melted at 170*^. What was the molecular weight of the unknown compound? 

^ For aid in the solution of mathematical problems, see the Appendix. 
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11. A gas hoB the fallowing per cent composition : C, 81.8; H, 18.2. One Uter at 0” 
and 760 nun pressure weighs 1.965 g. What is its molecular formula? 

12. IVhy is it not surprising that a carbon-carbon bond is covalent rather than ionic? 

13. What information is required to determine an empirical formula, a molecular 
formula, and the structural formula for an organic compound? 

14. What is a polar molecule? Why is an alcohol a polar molecule? 

15. If BeCli is covalent, what type of bond orbitals does beryllium use in forming 
the Be—Cl bond? 

16. Explain the fact that carbon can form only four covalent bonds as in CFi 
while silicon, right below carbon in the periodic table, can have a .covalency of six as 
in the ion SiF|~. 

17. If 17.2 mg of CHiCl] were heated in a bomb with sodium peroxide and the 
chloride precipitated as silver chloride, what weight of silver chloride would you 
expect? 

1.3 CLASSIFICATION AND SOURCES OF ORGANIC COMPOUNDS 

Since there are so many organic substances, it is to be expected that there 
should be a well-organized system of classifying organic compounds, and 
this is true. First of all, they are divided into three broad groups: 

a. Aliphatic (Gr. aleiphar, fat) so named because fats are some of the most 
typical members; open-chain compounds in which the carbon atoms are 
linked in such a manner that no closed rings containing carbon are formed. 
The compounds may be saturated, in which carbon atoms form only single 
bonds, or they may be unsaturated, in which one or more carbon atoms form 
multiple bonds, i.e., double or triple covalent bonds. 

b. Carbocyclic (sometimes isocydic or homocydic): compounds in which 
occur closed rings of carbon atoms only. There arc two subdivisions of carbo¬ 
cyclic compounds: (a) alicydic or qfdoaliphatic, in which the closed-ring 
compounds resemble the aliphatic compounds in properties, including sat¬ 
urated and unsaturated members; (b) aromatic compounds, in which the 
closed-ring carbon atoms form multiple bonds but in spite of their unsatura¬ 
tion, do not behave like the unsaturated aliphatic or cycloaliphatic com¬ 
pounds. 

c. Heterocyclic; compounds in which there is at least one ring containing 
one or more atoms of another element or elements, such as nitrogen, oxygen, 
or sulfur. This division includes all compounds containing at least one hetero¬ 
ring, whether saturated or unsaturated and whether they have aromatic 
character or not. However, the properties of a few heterocyclic compounds 
resemble so closely those of the aliphatic compounds, from which they are 
formed easily be a cyclization process and to which they readily revert by ring 
opening, that they are commonly discussed along with the aliphatic com¬ 
pounds. 
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Skeleton formula of an 
alicyclic compound 


0 N 

/ \ / \ 

C C and C C 

1 > ' i 

c-c c c 

\ / 
c 


Skeleton formulae of 
heterocyclic compoiinda 


Sources of organic chemicals. The principal natural resources for organic 
chemicals are plants and carbonaceous materials as shown in the chart in 
Figure 1.11. Although the major portion of organic chemicals comes from 
coal, natural gas, and petroleum, only about 2 per cent of these materials is 

used for chemical production; the re¬ 
maining 98 per cent is consumed as 
fuel. New deposits of these materials 
have steadily been found, but now 
they are being consumed at a far 
greater rate than nature is producing 
them, and it is only a matter of time 
before the supply will be exhausted. 
Hence the quantities of these natural 
resources available for fuel, and 
secondly for chemicals, are of con- 
Fig. 1.11. Natural resourcei of organic siderablc interest to the nation. The 
chomicols. country’s energy reserves have been 

a topic of major concern in recent 
years. Congress, the National Science Foundation, and various organizations 
are sponsoring studies and pilot experiments to find a new cheap, abundant 
source of energy. The country’s population is steadily increasing and energy 
needs grow at a faster rate than the population. The United States is con¬ 
suming 10 per cent more raw materials than it is producing, whereas fifty 
years ago 15 per cent more raw materials were produced than consumed. 
The United States produces over half the world’s supply of oil, but this is 
insufficient to meet even domestic needs and this country has shifted from 
one of the world’s largest exporters of oil to one of the largest importers. 
Estimates show that the present conventional sources of energy may be 
exhausted for practical purposes in about 100 years. From what is 
known now, the alternative sources are nuclear and solar enei^. 

It is to be realized that when solar energy does become commercially avail¬ 
able, it does not mean that it will replace, but rather will supplement the 
present sources of power. When new devices and inventions are developed, 
seldom do they completely replace existing methods, but supplement the 
older methods. For example, television has not put the movies out of business, 
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airplanes have not durplaoed trains, telephones have not stopped letter 
writing, and even candles have a place in the present electric-light age. So 
it is that solar batteries, solar engines, photosynthesis, and other conceivable 
methods of harnessing solar energy will not replace the present sources of 
energy, and it is doubtful that they will be used much in crowded cities. 
However, many uses of solar energy will be found in suburbs and rural areas, 
and it will be a big factor in the industrialization of underdeveloped areas 
and in preserving the supply of fossil fuels for chemical industries. This latter 
point is important because the flow of fossil fuel into industrial processes is 
markedly increasing. For instance, detergents from oil and coal are replacing 
soaps made from animal fats; synthetic rubber from oil has partially sup¬ 
planted rubber from trees; nylon from coal or oil has made silk garments 
things of the past; modem transportation consumes vast amounts of oil; 
and most plastics stem from oil or coal. Progress is being made so rapidly on 
the utilization of solar energy that by the time this manuscript reaches print, 
what has been said here will probably be obsolete. 


1.4 STRUaURAL THEORY OF ORGANIC CHEMISTRY 


The nineteenth century postulates of the Kekul^Couper-Butlerov trio 
provided embryonic notions which grew into the structural theory of organic 
chemistry, according to which the properties of a compound are attributable 
to the types of atomic groupings present in that compound. Hence, sub¬ 
stances were classified according to the types of groups or organic radicals 
occurring in their structures, and all those containing the same type of radical 
were considered of one class or family. A few of the common atomic group¬ 
ings that have been recognized and their classification names are; 


Alcohol —OH 

Aldehyde —CHO 

Acid —COOH 

Amide -CONH, 

Amine —NHj 


Ether C—O—C 

Ketone —CO— 

Acid chloride —CO—Cl 

Nitro —NOf 

Sulfonic acid —SO^ 


These atomic groupings are called junctional groups because they are largely 
responsible for the properties exhibited by organic compounds. Compounds 
containing more than one functional group in their structures are called 
polyfunctiond compounds, and usually exhibit all the properties characteristic 
of each of the functional groups present. 

According to the structural theory, if one knows which functional groups 
are present in a given compound, and if the characteristic attributes of each 
of these functional groups are known, then one could predict the properties 
of the compound. This would mean that all the compounds having an OH 
group in them would have certain properties in common, and so forth. This 
notion brought about a tremendous simplification in the chemistry of Hie 
thousands of organic compounds; and indeed elementary organic chemistry 
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eonmtB Uagely of leaniing the ohonicAl and physical properties associated 
wHh the most common functional groups. 

As more was learned about organic compounds, slowly it became apparent 
tikat the nearness of one functional group may affect another, and that the 
ov^ properties of a compound ore the result of not only the types of func¬ 
tional groups preemt, but alro of their relative positions to each other in 
that compound. So, modifications were mode in the structural theory to 
recognize these intergroup effects, some of which ore now known as conjuga- 
tun, tautomerim^ resonance, and steric hindrance. That means that the student 
will also have to learn what some of these intergroup effects are, when they 
occur, and how they alter the characteristics of the various functional groups. 

What is more, chemists are curious as to what factors are responsible for 
the observed properties exhibited by the various functional groups. That is, 
thqr wont to know what basic forces contribute to the over-all observed 
behavior of substances. Such knowledge would help chemists to plan the struc¬ 
ture of a compound which would have any desired chemical, physical, or 
biochemical property. The electronic theories of atoms, molecules, and chem¬ 
ical bonding have made possible considerable progress in this direction. In 
fact, the major difference between elementary and advanced organic chem¬ 
istry is the extent to which the student attempts to interpret the behavior 
of substances in terms of electronic structures. Some of the electronic con¬ 
cepts are easy to understand and will facilitate an understanding of the 
intergroup effects. Therefore, a portion of the electronic theory of organic 
chemistry is taken up even at the elementary level. 

Upon examination of the formulas of simple compounds, such as CH4, 
CCI4, CHCl,, CH,OH, CHi-O-CH, and CH,CH,OH, it appeared to Kekul4 
that carbon must have a fixed covalence of 4, hydrogen a valence of 1, and 
oxygen 2. Then he reasoned that if the valence of carbon and hydrogen are 
to be the same in such well-known compounds as CH4, CiH«, C|H|, and 
C 4 Hie, then carbon atoms must form bonds with other carbon atoms. Later 
similar lines of thought revealed that the corrunon covalences of other ele¬ 
ments in neutral organic compounds are normally as shown in Table 1.5. 

TABU U. COMMON COVAUNCCS 

Normal covalence > 1 2 3 4 3 2 1 

H 

U Be B C N 0 F 

A1 Si P S Cl 

Br 

I 

li is noticeable that these covalences are related to the positions of the 
elements in the periodic table. By using additional atomic orbitals, elements 



IHE SnuaWS OF ORGANIC 


27 


in the third row and below may have other covalences also, whidi will be 
learned later. For example, sulfur has a covalence of 6'in sulfuric acid, i.e., 
forms six covalent bonds. 


0 

HO-S-OH 

!) 


For the present, unless an exception is pointed out, it will be best to use only 
the covalences given in Table 1.5. Each time the student writes a structural 
formula, he should check to see if these covalency rules have been followed. 

Owing to the basicity of nitrogen, after it has formed three covalent bonds 
it readily will donate its unshared pair of electrons to an acceptor atom to 
form a coordinate covalent bond. In so doing, it acquires a positive charge 
as in the ammonium ion. 

H 


H 


Thus when nitrogen breaks the covalence rule of three, it will be charged. 
This is its condition in nitric acid and organic nitro compounds. 


H 0- 

\ +/ 

0-N 


\ 

0 


Nitric acid 


0 - 

+/ 

H,C-N 

\ 

0 

Nitromethane 


Furthermore, Kekul6 adduced that an atom may form multiple covalent 
bonds with another atom, i.e., a double or a triple covalent bond, provided 
the total number of covalent bonds formed obeys the covalence rules. Thus 
carbon may form four single bonds or two single bonds plus one double bond; 
nitrogen may form three single bonds or a triple bond. It is conventional to 
let dashes represent covalent bonds, so the various combinations can be 
sketched as shown in Table 1.6. The alternatives for oxygen of —0— or 0= 
are illustrated in the compounds formaldoxime and formaldehyde; hydrogen 
and the halogens are monovalent. These formulas need not be memorized. 
They are given merely to illustrate the constancy in covalence, irrespective 
of whether only single, or single plus multiple bonds are formed. 

Since a covalent bond is a shared pair of electrons, the electronic structures 
oi some of these compounds are: 
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H 

H. 


H. 

H:C:Br: 

:C::0: 

H:C;::N: 

:c: :N. .H 

H ’■ 

H‘ 


H‘ :o; 

Methyl 

bromide 

Formaldehyde 

Hydrogen 

cyanide 

Formaldoxime 


The structures of these same compounds may also be written as CHiBr, 
HjCO, HCN, and HtC—NOH, and methyl ether as HjC—0—CHj. Such 
formulas are called line formulas and provide a convenient, concise chemical 
notation for use in text or equations. Hence there are several types of formulas 


TABU 1.6. BONDING VARIATIONS FOR CARBON AND NITROGEN 


Element 

Skeletal 

Structure 

Specific 

Example 

Name of 
Compound 

Carbon 

1 

-c- 

1 

H 

H-i-Br 

1 

Methyl bromide 


1 

V 

/ 

— cw 

1 

H 

H 

^0-0 

Formaldehyde 


Hydrogen 

Nitrogen 

V 

1 

H 

H 0-H 

W 

cyanide 

Ammonia 


1 

-N— 

Formaldoxime 


Nb 

/ 

H-CbN 

Hydrogen 




cyanide 


which are used for chemical symbolism. These are the structural or graphic 
fomulas, the line formulas, and the electronic structures as given above. 
Naturally, the one that best expresses the point in queation is employed. 
Moreover, sometimes written structures are inadequate to express certain 
three<dimeDsional relationships and molecular models must be used. Pictures 
of some molecular models are shown in Figure 1.12. The tetrahedral models 
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Tetrahedr^ modela (above) 


Brode and Boord ball-and-stick modeb 
(below) 




StuartrBriegleb molecular modela 
(above) 


Graphic or structural formulas 
(below) 


H 

H H 

H H 



I 1 

\ / 


H—C-H 

H-C-C-H 

C=C 

H-C-C-H 

1 

1 1 

/ \ 


H 

H H 

H H 


Methane 

Ethane 

Ethylene 

Acetylene 


Fig, 1.12, Different representationi of the moleculei of methane, ethane, ethylenOi 

and acetylene, 

illustrate the spatial volumes formed by the carbon bonds. A tetrahedron is 
a symmetrical four-sided object, and any one of its four faces may be its* 
base and any one of its comers the apex. Projection of the tetrahedral models 
onto a plane gives the corresponding two-dimensional projection formulas. 
The ball-and-stick models exaggerate interatomic distances, but these models 
are more clearly seen from a distance so that they serve best for classroom 
demonstrations. The Stuart-Briegleb models are built to scale with respect 
to atomic radii and bond angles. Obviously they are more revealing about 
actual molecular shapes and spatial requirements. 
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One Btrong supporting featuco^f the structural theory was its ability to 
account for the number of ioomeib observed for a given molecular formula. 
In the methane molecule CH 4 , all four hydrogen atoms are equivalent. In¬ 
directly this is believed to be te because isomers never bave been isolated for 
any compound in which one hydrogen atom of methane has been substitu^ 
by some atom or group. Thus no matter under what conditions or who made 
CHiCl, CHiNOi, CHiCOOH, etc., no isomers have ever been isolated or 
detected for any of these substances. Direct evidence for the equivalency of 
the 4 hydrogen atoms in CH4, that is, of the four carbon valences, was ob¬ 
tained by Henry as shown on page 482. 



I n u 

R9.I .13. Poulble atomic arranBemenb of methane. 


The equivalency of the four valences of carbon restricts the atomic arrange¬ 
ment of methane derivatives to one of three shapes: a planar (I), a pyramidal 
(II), or a tetrahedral (III) configuration (Figures 1.13 and 1.14). However, 
failure to isolate or even to detect the presence of isomers of disubstituted 


X 

H-C-H 

I 

X 

Planar 




V 


Fig. 1.14. Gtnceivable atomic arrangementi of methane derivativet. 


products of methane, CHiXi, eliminates the planar and pyramidal structures; 
for with structures I or II, two isomers would be possible, depending on 
whether the two substituents held opposite or adjacent positions, Le., IV or 
V. Hie student should convince himself with models Ibat no matter which 
two hydrogen atoms of methane are replaced by two substituents, only one 
type of molecule can be produced on the basis of a tetrahedral carbon atom. 

NOAA&ICLATURE 

In organic chemistry it is necessary to have a system not only suitable for 
classifioation and organization but also adequate for naming the hundreds 
of thousands of organic compounds. Whatevw system is adopted, it should 
provide a unique, unambiguous name for each compound. Aware of this fact, 
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an international commisaion of chemists met in Geneva, Switzerland, in 1892 
and adopted a system of nomenclature. This system was supplemented by 
the International Union of Chemistry, and is interchangeably referred to as 
the Geneva system, or the I.U.C. system of nomenclature. 

Very often when new compounds of special interest are produced they are 
given trivial names for convenience. For example, acetone, stearic acid, 
cortisone, nylon, and many others are tremendously more simple than their 
correct chemical names. These trivial names have little relation to their 
structures, and most often are catchy names or terms which are adopted by 
persons using the substances frequently. Usually they fall into common use 
in preference to the longer systematic I.U.C. names and for this reason the 
student must become familiar with them. The most frequently encountered 
trivial or common names will be given as the compounds are taken up in 
this book. 

Before the Geneva system is taken up the names of a few simple organic 
groups will be discussed. The simplest organic compounds are those contain¬ 
ing carbon and hydrogen only, called hydrocarbons. As Kekuld first proposed, 
the carbon atoms may be joined together to form chains of indefinite length. 
For five carbons, for example, this can be sketched as follows; 

H H H H H 

H—d)—i—c—i—i—H 

I I I I I 

H H H H H 

The first class of aliphatic organic compounds to be studied will be the 
alkanes, and the structural features they have in common are (1) they con¬ 
tain carbon and hydrogen only, and (2) the carbon atoms form only single 
bonds. Their names are based on the number of carbon atoms in them, and 
the names for the first five members are methane, ethane, propane, butane, 
and pentane. 

Many chemical terms are of Greek or Latin origin and it is preferable that com¬ 
pounded words be of pure Latin forms (as, univalent rather than monovalent) or of 
pure Greek forms (as, monocyclic). Some conunon Greek and Latin numerical prefixes 
are given here; 



Oreek 

Latin 

i 

hemi- 

semi- 

1 

mono- 

uni- 

2 

di- 

bi- 

3 

tri- 

tri-, ter- 

4 

tetra- 

quadri- 

5 

penta- 

quinque- 

6 

hexa^ 

Bexi- 

7 

hepta- 

septi- 

8 

octa- 

octa- 

9 

ennea- 

nona- 

11 

hendeca- 

undeca* 
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The nunea of most hydrocarbons and related compounds are of Greek oiigin, althougl 
the Latin prefixes are used in favor of the Greek for nine and eleven. 

H 

H—c!^—H or CH 4 Methane 

H 

H H 

H—C—H or CHr-CH, Ethane 

I I 

H H 

H H H 

I I I 

H—C—C—C—H or CH,—CHr-CH, Propane 

I I 1 

H H H 

For butane, one can write CH,—CH,—CH,-CH, or CH,-~(CH,)>—CH,, 
and for pentane, CH,—CHr-CH*;-CHr-CHa or CH,-(CHi),—CH,. When 
an alkane has lost a hydrogen atom the residue is called an dkyl group, whose 
specific name is based on that of the original alkane with -one changed to -yl. 
For instance, there are the groups, methyl (often abbreviated "Me”) — CHs, 
ethyl (sometimesabbreviated “Et") — CH* — CHa, propyl — CHj— (>11: —CHj, 
and so on. In the past it was customary to refer to these groups as radicals, 
but in the last 30 years, the term free radicd has become known conventionally 
to mean a/ree group which has an unpaired electron. The term group connotes 
merely a portion of a molecule that remains unchanged as the molecule goes 
through a given reaction. On the other hand, afunctiond group is an atomic 
aggregate which is responsible for some of the characteristic chemical and 
physical properties of a molecule and generally undergoes the same reactions 
whether in a small or large molecule. 



Fig, 1.15. Ethona, and orientations of Itw efhyi group. 


It is noteworthy that only one methyl radical is possible. That is, irrespec¬ 
tive of which of the four hydrogen atoms of CEU is removed, only one CH|— 
group results. Similarly, ethane has six equivalent hydrogen atoms. This is 
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CM gauche tram 

Fig. 1.16. Ball-ond-itick modelf of cu, goucfie, and tram conformations of 

1 , 2 -dichloroethane. 

BO, because first, the two methyl groups of ethane are equivalent. It makes 
no difference from which end a hydrogen atom is removed to give CHj—CHi— 
or —CH 2 —CH 3 ; the two groups are indistinguishable. Second, the three hy¬ 
drogens of either methyl group of ethane are equivalent because of free 
roiation about the C—C bond. That is, the three 
orientations of the ethyl group which would result 
by removing different H’s from the particular 
—CHj group are indistinguishable because rotation 
about the C—C bond takes place easily to transform 
any one form into the others. By merely rotating 
the CHi— group about the C—C bond, all three 
forms will fit into the same mold. Because of this free 
rotation about a C—C bond, only one isomer of sym¬ 
metrical dichloroethane. Cl—CHjCHi—Cl, can be 
isolated. Three configurations are theoretically possi¬ 
ble, referred to as the cis, gauche, and trans conforma¬ 
tions (Figure 1.16). Looking along the C—C axis of 
the dichloroethane molecules, they appear as illus¬ 
trated in L'igure 1.18. 

In the cis conformation, the two C—Cl bonds are 
parallel, in the trans they are antiparallel, and in the gauche conforma¬ 
tion one CHjCl group is rotated 60° about the C—C bond away from the 
cis position. These different configurations are referred to as conformations, 
i.e., different configurations of a molecule w'hich differ from one another 
by a rotation of two groups about a single bond. It requires little energy 
to bring about the rotations in dichloroethane; merely that amount which 
may arise from the exchange of energy in a collision of two molecules at 
room temperature. Therefore, a mixture of such conformations cannot be 
resolved. By advanced techniques chemists can get evidence of their pres¬ 
ence, but are unable to get a sample of material containing only one type 



Fig. 1.17. Stuart- 
Briegleb molocular 
model of 1,2-dibro- 
methane, showing 
contact of non- 
bonded bromine 
otoms in cis confor¬ 
mation. 
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of oonfonoKtion. Because of the ease of rotation about single bonds, it is 
oommonly spokeu of as free rotolm, although it is now known that small 
amounts of energy are required to bring about such rotations. 



eia gauche irane 

Fig. 1.18. Conformations of dichloroethane. 


Since there is only one methyl group, the molecular formula —CHj can 
be used unambiguously to refer to this group. Similarly, there is only one 
group with the molecular formula —CjH* (ethyl) and only one compound 
with the formula CjHt (ethane), so that molecular formulas are suflicient to 
indicate these substances. On the other hand, isomerism exists for all other 
alkyl groups, making molecular formulas inadequate for representing these 
groups. 

When a hydrogen atom is removed from propane, two distinguishable 
structures may result: 

H H H H H H 

III III 

H—C—C—C—H and H—C—C—C— 

III III 

H H H H H 

Therefore, there must be a method of referring to each particular propyl 
group. The one on the right is called normal propyl or n-propyl, because a 
strai^t chain of carbon atoms is conventionally called a normal chain. When 
this propyl group is attached to an atom or a portion of a molecule, its car* 
bon atoms extend out in a straight chain. The group on the left is called the 
isopropyl group. The prefix iso- means that a chain of carbon atoms is branched 

at the end like a fork-<, each prong being one carbon atom only in 

length.' If there are five carbon atoms in a group, the forked chain is called 
isopenlyl. 

* The chemical lue of thf prefix ito- aeems to have originated with Beradiui in 1832. 
In its brood aenw it means simply "an isomer of." In aliphatic chemistry it has come to 
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3S 


H H CHi 


I J, / 

—C—C——H 

I I \ 

H H CH, 


If there are four carbon atoms, it is called iscinUyl. 

H CH, 

4-c/h 

I V 

H CH, 


And if there are three carbon atoms, it is called isopropyl. 

CH, 

/ 

-C-H 

\ 

CH, 

Thus, the isopropyl group is the smallest possible iso- group. 



Rg. 1.19. Ball-and-stick models of the butane molecule from two views at right 

angles to each other. 

The student must realize also that structural formulas are merely projec¬ 
tions of models onto a plane. For example, two different views of a ball-and- 

have a special meaning of an isomer characterized by the group (CH 3 ) 2 CH— attached to 
an otherwise straight chain, as in isopentane and isovaleric acid. 


CH, 

\ 

CH. 

\ 

CH—CH,—CH, 

CH—CH,—COOH 

/ 

/ 

CH, 

CH, 

Isopentane 

Isovaleric acid 


[t has, however, been difficult to maintain this distinction; for example. Isooctane, the 
ligh-octane gasoline, does not have this structure (page 78). In consequence, the Inter- 
lational Union has restricted the special sense to chains of six or fewer carbon atoms; 
flohexyl, (CHOsCH—CHi—CHa—-CHa— is the longest radical of this kind recognized. 
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stick model of the butane molecule are shown in Figure 1,10. Notice, too, 
that the structural formulas of the n-propyl group, 


H H 

I—d)—(j—di—H, 


H H 


H H H H H 

III I 1 I 

H—C—C—C— and H—C—C—C—H, 

III III 

H H H H H H 


an equivalent, and differ merely by the angle of rotation of the —CHi 
group about the C—^ bond. This is most clearly apparent when models are 
used, such as those shown in Figure 1.20. 



Fig. ) .20. BaH-ond-itick modelt of Itw n-propyl group. 


When a simple atom or group is attached to these alkyl groups at the 
carbon which has the open valence, the resulting compound is named by 
adding the name of the attached atom or group to that of the name of the 
alkyl group. The following examples are given for illustration; 

CHj—CHj—Cl Ethyl chloride 

CH, 

\ 

CH—CN Isopropyl cyanide (—CN is the cyanide group) 

ch/ 

CHi—CH j—CHi—Br n-Propyl bromide 

CH|OH Methyl alcohol (compounds containing an OH 

group are called alcohols) 

Before considering the butyl groups, there’ is one detail to be taken up. A. 
carbon atom having only 1 other carbon atom attached to it is referred to 
as a primary carbon atom; one having two other carbon atoms attached to 
it is a secondary carbon atom; one having three other carbon atoms attached 
to it is a tertiary carbon atom, and one having four other carbon atoms attached 
to it is a neo* cwrhon atom. Such carbon atoms are pointed out in the structure 
below. 

* The term neo arose from the fact that of the three ieomeric pentanes, the last to be dis¬ 
covered was (CHiliC and was called neopenhiTie (neo- for new). 
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CH, 

I 


H,C~C—CHr-CH; 


CH, 

[r-in- 


-CH, 


-primary 


neo 


/\ \ f \ 

I CH, secondary tertiary 


The butyl groups may now be discussed; they are as follows: 


CH,-CH,-CH2-CHr- 
CHr-CH,—CH— 

I 

CH, 


n-Butyl group 

Secondary-butyl group 
(scc.-butyl or «-butyl) 


CH, 


\ 

CH—CH,— 

/ 


CH, 


CH, 

i 

HiC—C— 

I 

CH, 


Isobutyl group 
(i-butyl) 


Tertiary-butyl group 
(teri.-butyl or <-butyl) 


It can be observed that there are two types of carbon skeletons here. For 
the straight chain of carbon atoms, there are two different butyl groups. The 
name sec-butyl is used to indicate that the straight chain is to be attached 
by one of the secondary carbon atoms, either one giving rise to the same 
butyl group. Thus, the two secondary carbon atoms in n-butane are equivalent 
and a hydrogen atom removed from either one produces the same sec-butyl 

group; i.e., CH,-CH—CH,-CH, is identical to CH,—CHr-CH—CH,, but 
the two are oriented differently in space. The two models can be turned 
around in space to occupy identical volumes, or in different words, they 
would fit the same mold. This is referred to as being spatially identical. At 
the same time, because of free rotation, the sec-butyl group may have another 
conformation such as 


CH, 


CH, CH, 

\h/ 


where the ethyl group has rotated about the center C—C bond. The ball- 
and-stick models of the corresponding n-butane molecules are shown in 
Figure 1.21. 

The scheme of naming a secondary hydrocarbon group can only be us^ 
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Fig. 1.21. Ball-aiid-sHck models of two conformations of the n-butone molecule 
(either form con be obtained from the other by on 180° rotation of half the mole¬ 
cule about the Cj—Cj bond.) 


with butane because the secondaiy carbons in any other normal hydrocarbon 
will not be equivalent. For example, from n-pentane, 

CH^CH^CHs-CH»-CH,, 

two different secondary groups could result, depending on whether a hydrogen 
atom is removed from the center carbon atom or from one of those second 
from an end of the chain. Therefore, the name sec-pentyl would be ambig¬ 
uous. It will be seen presently, w’hen the formal system of nomenclature is 
taken up, how the two groups are named. 

Looking once more at the four butyl groups above, one can see that the 
four carbon atoms of butane can be arranged such that three are attached 
to one,.giving the structure 

CH, 

H,C—i—H 

1 

CH, 

This has the iso- fork in it 

CH, 

\ 

CH—CH, 

C^, 

and is therefore called isobulane. The three methyl groups are equivalent and 
the three hydrogen atoms on any one methyl group are equivalent ; hence, 
there are nine equivalent hydrogen atoms in the molecule. Removal of one 
of Uiese nine hydrogen atoms yields the same group, namely, the isobutyl 
group: 
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H,C 

\ 

CH—CHj— 

/ 

H,C 

When the hydrogen atom attached to the tertiary carbon in isobutane is 
removed, there results the <cr<iary-butyl group; 

CH, 

H,C—i— 

I 

CH, 

As a word of caution, when simple compounds are named on a basis of the 
type of alkyl group therein, the prefixes iso-, n-, sec-, tert-, etc., are not to 
be separated from the name of the alkyl group. That is, the name of 
CH,—CHj—CH,—Br is n-butyl bromide, not n^bromobutane, and 

(CH,),CH-C1 

is isopropyl chloride, not isochloropropane or chloroisopropyl. 

Although a few of the alkyl groups containing more than four carbon atoms 
have such simple names, the number of cases is quite small. Usually, only 
the straight-chain groups are so named; that is, n-pentyl, n-hexyl, and 
n-decyl are the names of groups containing five, six, and ten carbon atoms 
in a straight chain. Otherwise the groups are named according to the Geneva 
system as discussed below. 

There are over 70 rules in the Geneva system of nomenclature,*® only a 
few of which will be needed for compounds encountered at the elementary 
level. For the aliphatic or open-chain compounds, the general framework of 
the Geneva system can be summarized by the following four points: 

1. The body of the name indicates the number of carbon atoms in a con¬ 
tinuous chain. 

2. The suffix indicates the class of compound, i.e., alcohol, hydrocarbon, 
acid, ester, etc. 

3. The prefix indicates the types and positions of atoms or groups which 
have been substituted for hydrogen on the main chain, and the location 
of the functional group. 

4. Greek letters are used to refer to carbon atoms in a subchain branched 
off of the maifi chain. 

This system can best be explained by discussing several examples. 

‘• The latest official rules are published in the Jovmal o/ the Atiterican Chtmiral Society 
n, SS45 (1960) and are abstract^ in the Hajidbook of Chemiatry and Pkyiict and in Lange’s 
Handbook of Cbemislry. The system of nomenclature used by Chemical AbetracU is a mod- 
iW (loieva system and is described in detail in the Index of the 1945 volume of Chemical 
AbetracU. 
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As mentioned earlier, the first class of compounds to be studied will be 
hydrocarbons in which the carbon atoms form only single bonds in open 
chains. The Geneva name for this family of compounds is alkane, and the 
Buffi.x used to indicate that a substance is a member of this class is -one. In 
order to have a working vocabulary, the student should learn the names of 
the first 10 or 12 normal alkanes given in Table 1.7. 


TASIE 1.7. NORMAL ALKANES 


CH4 

Methane 

CjHu 

Heptane 

CJl, 

Ethane 

C,H„ 

Octane 

CJI. 

Propane 

C,H» 

Nonane 

C.H .0 

Butane 

C10H22 

Decane 

C|H |2 

Pentane 

C„H 24 

Uudecane 

C.Hu 

Hexane 

CiaHa* 

Dodecane 


For illustration, let us work out the name for structure I. 

CH, 

I 

CH, 

CH, CH, CH, 

\l I 

H H Cl CH CH, CH, H H H H 

III III I I I I 

H— C—C—C-C-C-C-C-C-C-C-H 

III I I 1 I I I I 

H H Cl C H Br Cl H H H 

CH, I CH, 

CH, 

I 

The first thing to do is to pick out the longest chain of carbon atoms, that is, 
the longest extension of carbon atoms through which a needle and thread 
can be run. It need not be in*a straight horizontal line. For instance, in the 
carbon skeleton of I, there are two ten-atom carbon strings; one string goes 
straight through horizontally and the other string comes down and turns to 
our right, as indicated with numbers in Figure 1.22. Thus, one picks out the 
longest chain Avith a needle and thread, not with a yardstick. 

All other chains have nine or fewer carbon atoms. Either ten-atom carbon 
chain may be chosen for the main chain. If the L-shaped chain is chosen as 
the main chain, then that portion of the molecule extending l^t from carbon 
atom numbered 5 is to be regarded as a branch chain off the main chain. 
Similarly, if the straight horizontal chain is selected to be the mun chain, 
then the four carbon atoms extending up from carbon atom 5 is a branch 
chain. When there are two or more chains to choose for the main chain, that 
one is usually selected which provides the simplest’ naming of the branch 
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•C 

C *0 

I I 
c-c <c 

‘C—*C—*C—‘C~‘C—*C--»C—•€—•€—‘«C 

-1-► 

c-c-c 

I 

c 

Fi 0 . 1.22. Numbers and arrows to indicate two 1 0 -atom chains in structure I. 

chains. In this case, the horizontal chain is chosen, for then the upright 
branch from Cs is a simple n-butyl group. 

After the main chain is selected, the carbon atoms are numbered for 
reference purposes. One may start at cither end of the chain, but it is conven¬ 
tional to start at the end nearest the substituents, for then the prefix numbers 
which indicate the positions of substituents will be the smaller. 

Now, the four initial points of the Geneva system can be followed; (1) The 
body of the name will be deca, based on the fact that there are 10 carbon 
atoms in the main chain. (2) The suffix is -ane, since all the carbon atoms in 
the main chain form only single bonds. This gives us decane, so far. (3) The 
prefix, indicating the types and positions of substituents, will be more exten¬ 
sive. One goes along the chain from the number 1 carbon atom to the number 
10 carbon atom, naming atoms or groups which have been substituted for 
hydrogen." A carbon atom need not be mentioned unless something has been 
substituted for hydrogen on that carbon atom. Structure I may be rewritten 
as Ib, in which the carbon atoms of the main chain have been numbered. 


CH, 


H,‘C-*CHr-'CCI,-‘( 


CH, 


H, 

H, 


L ' ■ A ' 4(!ii AciWtiiiii, 


CH, CH, 
-K^H—•(!;— 


(CH,), 


Br 


-’CH—•CH, 

ii 


Ib 


Far indexing puipoeeB, the eubetituente are eoi 
iireepeetive of position. 





labetical order 
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There are nothing but hydrogen atoms^on carbon atoms 1 and 2. On carbon 
atom 3 there are two chlorines, referred to as 3,3-dichloro-. One could write 
3-chloro-3^hloro, but it is simpler and space-saving to combine the two 
chloros as was first done. Furthermore, if one glances ahead, it can be seen 
that there is a chlorine atom on carbon atom 7, and rather than name it later, 
it can be included with the other chlorines and written 3,3,7-trichloro-.‘* On 
carbon atom 4 there are isopropyl and 1-butyl groups, giving^ so far, 3,3,7- 
trichloro-4-isopropyl-4-l-butyl-. Following this procedure, one can easily see 
that the complete name of structure I is 3,3,7-trichloro-4-i80propyl-4-(-butyl- 
5-n-butyl-6-methyl-6-bromo-decane. This name is unambiguous, and only 
one structural formula can be written from the name. For practice, draw the 
graphic formula from the name. 

Nevertheless, this is not the only name that can be written for structure I. 
If the other ten-atom carbon chain had been selected for the main chain, 
a different name would have been obtained. In other words, a particular 
compound can have more than one name according to the Geneva system. 
This is all right as long as the structure conveyed by each of the alternative 
names is unambiguously the same. For practice, an alternative name for 
structure I will be worked out, based on the L-shaped ten-atom carbon chain 
as the main chain. 

Notice that point four of the Geneva system was not needed for na ming 
structure I above. It will have to be used this time. The carbon atoms in the 
main and branch chains are numbered as follows: 

‘»CH, 



The numbering begins at the right-hand end this time because that places 
the first substituent on carbon atom 4, whereas if the numbering started at 
the top carbon atom (the present carbon atom 10), then the first substituent 
would be on the fifth carbon atom in the chain. So, the name starts off with 
4-chloro-5-methyl-5-bromo-6-. On carbon atom 6 there is a complex sub- 

" Some etudents think that 3,3,7-trichloro> would mean two triehloro groups on Ci and 
one on Cf, even if there were a triehloro group. There is no such group. It is to be realised 
Uiat there will be a substituent for each number and a number for each eubetituent If 
three numbers are given, then there must be three substituents. 
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It is ft btaitched chain within which the longest string of caibon 
atoms is four atoms long. A fout^t om carbon chain Is a butyl group, but 
t his butyl group contains substituents . In order to indicate whftt type and 
wh^ the substituents are attached, the carbon atoms in the butyl group are 
numbered or lettered. Usually there will be no doubt, but to avoid confusion 
with the numbering on the main chain, the carbon atoms in the branch are 
designated differently. The I.U.C. m la HguRlly pi;!rmita.nK»ftlf 
le tters, primed numbers (!', 2'). numbers with indices ( 6*. 6*). or other nota- 
Sons. G reek letters are most commonly used, and they will be adopted here. 
The lettering always starts at the carbon atom by which the group is attached 
to the main chain. 

Continuing to name compound I, then, as numbered in Ic, at carbon 
atom 6 there is the substituted butyl group. To show clearly that the de¬ 
scription of the branch refers just to the branch, parentheses are used. 
Thus, one has here, 6-(a-i80propyl-o-t-butyl-|3,d-dichlorobutyl)-. The com¬ 
plete name is 4-cKloro-5-methvl-5-bromo-6-(ot-iBODroo.vl- «-t-hiitYl-flpfl-di- 
chlorobutyll-deca'ne. For practice, write out the graphic formula of this 
compound from the name. Notice that when this is done, a structure such 
as Id will be obtained, where the complex branch on C| extends up or down. 


-•CH-’CHr-*CHr-»CHr-‘®CH, 


A. L 1 

(H,C),C—“C^CH(CH,), 

'ici. 

h!;h, 


structure Id develops from the name above because, from the portion 
decane, one first writes down ten carbon atoms in a horizontal row, then 
attaches the substituents to this chain of atoms as they are cited in the 
name. At first glance I and Id do not appear to be the same molecule, and Ic 
and Id appear to have switched ends. This is so and is to be expected, because 
molecules can have any orientation in space. Another way to think of it is 
tiiat in Id the molecule is numbered from left to right, but to a person behind 
the p^e it appears to be numbered from right to left, or as it appears to the 
reader in Ic. Whether one numbers from right to left or from left to right 
depends upon whether one is looking at a molecule from one direction or 
from the opposite direction. 

Also, the butyl group which comprises carbon atoms 7 to 10 in Id extends 
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out Bbtiigbt, but in Ic it was bent upward. Notice that if the *C—*C carbon- 
carbon bond in Id were to rotate 120°, it would awing the ’C—“C carbon 
chain upward and bring the “C—C branch level with the ‘C—HU chain, as 
the molecule appears in Ic. Because of the ease of rotation, this may happen 
so that two samples of the material cannot be obtained in which all the 
molecules in one sample would have configuration Ic and all molecules in the 
other sample would have configuration Id. The ease at which one configura¬ 
tion passes into the other prevents the isolation of a sample in which all 
molecules have only one configuration. Actually, molecules do not assume 
all possible configurations but only those that are the most stable. 

Because of such rotation, one must get accustomed to seeing the same 
^up twisted in one of several possible configurations. For example, the fol¬ 
lowing configurations may be given for 3-iBopropyl-4-8ec-butylheptane, and 
th^ differ merely by rotations about various C—C bonds. To avoid con¬ 
fusion, only the carbon skeletons are shoM'n, and the same seven-atom chain 
is in bold face in each structure for the student’s orientation. 



c—c—c-c~c—c—c 

I I 

c—c c—c 


c 


G 


c c—c 


c 


c—c 



c—c c 


c c 


C-C 

I 

C C c—c 

1 1 1 

C—C—C~o 

I I 

c—c c 

I 

c 


Many others could be given. The point to be emphasized is that organic 
molecules, in the liquid or gaseous states or in solution, are twisting about 
like this continuously. This is particularly true for long-chain molecules. 

One additional point about nomenclature can be mentioned. In a strict 
sense, any organic compound can be considered as a derivative of methane 
where various groups have been substituted for one or more of the methane 
hydrogens. Thus, (CHi)iCH—CHr-<UHi may be called dimethylethylmeth- 
ane, or isopropylmethylmethone, or kobutylmethone, where fint the third 
from right, then the second from right, then the right-end carbon atom is 
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regarded as the methane carbon atom. This scheme can be used for simple 
molecules without any difficulty, although sometimes it is illogical. It is often 
absurd for complex molecules. 

'When a compound is named as a derivative of an actual substance, the 
name is written as one word, with hyphens used to separate numbers or just* 
for clarity. Thus, propane is a definite compound, and names of its derivatives 
are written as one word, as for example, l-chloropropane or 2>hydroxypropane. 
On the other hand, chloride and alcohol are not the names of actual com¬ 
pounds but of two classes of compounds. Hence, n-propyl chloride or iso¬ 
propyl alcohol (for the two compounds just mentioned) are each written as 
two words. 

This section has covered the basic points of the Geneva system. There 
are several additional rules to be learned which take care of the various classes 
of open-chain and cyclic structures. These rules will be incorporated into the 
system as new classes of compounds are encountered. 

It i.s noteworthy that the Geneva system is continually being revised in order to 
take care of new, complex organic molecules. In recent years chemists have been 
trying to develop systems for the codification of organic substances. Particularly for 
card indexing, a system of linear notation is sought which would provide a unique 
code name or line formula for each compound and which w'ould reveal as much in¬ 
formation as possible about the compound. Several systems have been devised, and 
for examples, the code names of two compounds by four of these systems are as follows: 


Common Name 

Dyson 

Oruber 

Silk 

Wismsser 

Isopropyl alcohol 

C,.Q,2 

C3.20H 

CQC 

QY 

Benzoic acid 

B6.CX 

(6)CX 

B.X 

QVR 


These systems are receiving critical evaluation by international committees with 
respect to speed of coding and decoding names, simplicity, ability to handle all types 
of riiructures, and other pertinent points. 

1.6 ISOMERISM 

As defined in Section 1.1, isomers (Gr., isos, the same, and meros, parts) 
are substances having the same molecular formula but different molecular 
structures. Isomerization is the process of going from one isomer to another, 
and isomerism is the phenomenon that isomers exist. Several forms of isom¬ 
erism are possible and these are outlined in Table 1.8.” 

TAIU l.B. OUTUNE OF TYPES OF ISOMERS 

A, Strudural Isomers B. Stereoisomers 

1. Chain 1. Geometric 

2. Position 2. Optical 

3. Functional 

'* It will be seen later that certain types of uomers which still fall under this general 
classification are denoted by special names such os tautomers, epimera, onomers, and 
conformers. 
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Hie difference betwe«i structural and stereoisomers can be described as 
follows. Two or more structural isomers contain the same types and number 
of atoms but the combinations of bonded pairs of atoms will be different in 
each isomer. In two or more stereoisomers, there will be the same combina¬ 
tions of bonded pairs of atoms but their orientation in space will be different. 
That is, the same reflective atoms ue bonded to one another in stereoisomers 
but their relative, spatial portions are different. These descriptions will be¬ 
come clearer when examples are considered. 

1. Chain womers. Such isomers differ in the shape of the carbon skeleton; 
examples are 

CHr-CHr-CHr-CH, and CH,-CH-CH, 

in, 

n-Biitane laobutane 

2. Position isomers. Such isomers differ in the positions of some reference 
atom or group; examples are 

CHr-CH,-CHr-CHr-CH,Cl 1-Chloropentane 

CHr-CHr-CH,-CHCl-CH, 2-Chloropentane 

CHr-CHr-CHCl-CHr-CH, 3-Chloropentane 

Observe that 4-chloropentane is the same molecule as 2-chIoropentane, and 
5-chloropentane is identical to 1-chloropentane. 

3. Functional isomers. Such isomers differ by having different functional 
groups present; examples are 

CHr-O-CH, and CHr-CHr-O-H 

Methyl ether Ethyl alcohol 

0 0 

CHr-CHr-C-H and CHr-C-CH, 

Propionaldehyde Acetone 

(an aldehyde) (a ketone) 

Notice that the last two isomers are also position isomers because they 
differ in the positions of the €«<) group. Thus two or more compounds may 
exhibit more than one form of isomerinn. Notice too that for all the examples 
given, the same specific atoms are not joined to one another in any particular 
set of isomers. For example, in (2) a chlorme atom is attached to either the 
first, second, or third carbon atom in the pentane chain, and in the case of 
isomeric methyl ether and ethyl alcohol, an oxygen atom is between two 
carbon atoms in the ether, and betweoi a carbon atom and a hydrogen atom 
in the alocdiol. 
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4. Ge(metric iiomera. These are isomers which differ in their spatial struc¬ 
tures about some plane through the molecule. The most frequent case among 
organic molecules is for two atoms or groups to be either on the same side 
or on opposite sides of a double bond within the two molecules. The former 
is called the cts iaomer and the latter the Irons isomer. Therefore, such isom¬ 
erism is commonly referred to as cis-trans isomerism. For example, models 
and structural formulas for the cis and Irons isomers of 1,2-dichloroethylene 
and of 2-butene are shown in Figure 1.23. 



Fig. 1.23. 


Isomerization from the cis to the Irons, or vice versa, is restricted because 
of the double bond. Rotation about the C=C bond is prevented, just as is 
rotation of two blocks when two nails are driven through them (Figure 
1.24). Therefore, once either geometric isomer has been formed, it remains 



Rg. 1.24. Rotation about linglo nail is oasy (fsft). Rotation is prevented by pres¬ 
ence of two nails (right). 

as such. Because of slightly different physical properties such as boiling 
points, solubilities, etc., a mixture of the two isomers can usually be resolved 
and the individual isomers collected in separate containers. In contrast to 
this, the gauche and irons forms of ethylene chloride (1,2-dichloroethane} 
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cMBot be ooUeoted in sepante vessels because of the ‘‘spontaneous" tran»> 
fonnation of either form into the other by usy rotation about the C—C 
Bsiiglebond. 

Smne l,2^BUb8tituted ethanes have trivial names based on a system of nomencla¬ 
ture used before the adoption of the Geneva system. Thus, 1,2-dichloroethane is called 
ethylene diloride. The name may be ccmfusiag because the compound does not possess 
a C«C bond as suggested by the name ending, -ene. On the other hand, 1,2-dichloro- 
ethylene, HC1C>=CHC1, does have a O-C bond. The names of the two types of com¬ 
pounds differ in the fact that substituted ethylenes (C>°=C compounds) lukve the nalbes 
of the substituents preceding and attached to the word ethylene while l,2-diBub6tituted 
ethanes have names of substituents to follow the word ethylene. Several other common 
1,2-diBubstituted ethanes are 


Ethylene bromide 
Ethylene g'ycol 
Ethylene chlorohydrin 
Ethylene cyanohydrin 
Ethylene oxide 


Br—CH:CHr-Br 
HO—CH,CHr-OH 
Cl-CH:CH,-OH 
HO-CH,CHr-CN 
CH,-CH, 

\ / 

0 


The second form of stereoisomerism arises when there is no plane of sym¬ 
metry in a molecule. For example, the tetrahedral model of fluorochloro- 
bromomethane would look like Figure 1.25 (some attention being given to 
relative sizes of atoms). Observe that an imaginary plane, about which one 
side would be a mirror image of the other side, caimot be passed through the 
molecule, whereas this is possible for fluorochloromethane (Figure 1.26). 




Fig. 1.26. Plana of 
symmetry passes 
through the Cl—C—F 
axb. 


The most common organic molecules lacking a plane of sjrmmetry are 
those in which at least 1 carbon atom has 4 different atoms or groups attached 
to it. Whenever is the case, there will be two alternative arrangements 
of the groups about the carbon atom, such that ^ two resisting molecules 
are mirror images of each other. That is, when either molecule is placed b^ore 
a mirror, its reflection is identical to the other isomer (Figure 1.27). 
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Neither molecule ie identical to the other; that is, the two molecules will not 
fit into the same mold, just as a person’s two hands cannot wear the same 
glove. Their resemblance is that of mirror images. Most of the properties are 
the same for two such isomeric molecules except their effect upon a beam of 



polarized light, and for this reason they are referred to as optical isomers. 
One isomer rotates a beam of polarized light to the left and the other isomer 
rotates the beam an equal angle to the right, and the two isomers are referred 
to as the levo and the dextro isomer, respectively. Much more will be said 
about optical isomerism in Chapter 17, and what has been said here will 
suffice for the discussions until that time. 

Notice that for the two types of stereoisomerism the same specific atoms 
are joined to one another in a pair of isomers, but the two structures differ 
in their spatial configuration. This is the difference between stereoisomerism 
and structural isomerism. 

The phenomenon of isomerism is responsible for the great difference in 
the number of known organic and inorganic compounds. For instuice, from 
just the aliphatic hydrocarbons, the numbers of possible isomers are given 
in Table 1.9. Obviously only a very small fraction of these compounds has 
been isolated. All of the predicted alkanes through the nonanes and most of 
the decanes are known. Considering the fact that by including other elements, 
the number of' theoretically possible isomers with a given molecular formula 
will be many times the numbers given just for hydrocarbons, then the total 
potential number of different organic substances is beyond conq>rehen8ion. 
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TAHE 1.9. CALCULATED NUMBEES OF BOMRS FOE SATUEATB) AUFHATIC HYDEOCAEEQNS 


Formula 

Cal’d Number 
of Isomers 

Formula 

Cal’d Number 
of Isomers 

CH 4 

1 

C„H« 

159 

CA 

1 

C„Hh 

355 

C,H, 

1 

CiiHa 

802 

C,H„ 

2 

CmHm 

* 1,858 

C.H., 

3 

CuH„ 

4,347 

C,Hm 

5 

C,A 4 

10,359 

C,H,, 

9 

CS0H41 

366,319 

CJIu 

18 

C»H« 

4,111,846,763 

C,H„ 

35 

C40HB2 

62,491,178,805,831 

CioHm 

75 


2.2 X 10” 


In the discussions on nomenclature and stereoisomerism, mention was 
made of the ease of rotation about single bonds. In the earlier literature this 
was often called free rotation, and the term arose because isomers could not 
be isolated or even detected in compounds such as 1,2-dichloroethane. Thus, 
rotation of the CHjCl groups about the C—C bond in 1,2-dichloroethane 
can give rise to many relative orientations of the two groups, but three are of 
particular interest. These are the trans, the gauche, and the m conformations 
shown in Figure 1.28. The term conformation refers to the various configura¬ 
tions of a molecule which differ in space by a rotation of two atoms about a 


Perspective 

Formulas 


Cl 


I 






Cl 


Cl 


Projection 

Forinulos 





Trans Gaucha Cis 

Rg. 1.28. Conformations of lh« I «2-dichloinoothana moloculoe 



51 


THI SIlUlCTUffiS^^ 


single bond. Certain oonfonnations of a molecule are energetically favored 
and have a finite existence. This is really a special type of stereoisomerism, 
and isomers having different conformations are called conformers. The study 
of the physical and chemical properties of a compound in relation to its 
geometry and population of its conformers is called conformational analysis. 

The atoms in the trans and gauche conformations of 1,2-dichloroethane 
are said to be staggered, and they are eclipsed in the cts conformation. That 
is, as you look along the C—C axis of the cis molecule, the atoms attached 
to the front carbon block out those on the rear carbon atom. There is a 
repulsion between nonbonded atoms which increases as the atoms approach 
one another. Consequently, this repulsion is greatest in the cis conformation 
and least in the trans, to make the trans conformer the most stable and the 
CIS conformer the least stable. The gauche conformation has a staggered 
arrangement too, but here the large chlorine atoms are closer together than 
any two atoms in the trans conformation, which makes the gauche conformer 
about 1.4 kcal/mole less stable than the trans. 

Now, 1,2-dichloroethane, as well as most conformational mixtures, exists 
as an equilibrium mixture of the trans, gauche, and cis conformations at any 
given temperature with the cis being present in very small amounts except 
at high temperatures. The energy required to change one conformation into 
the other is called the energy barrier to internal rotation. It is about 2.8 
kcal/mole in the case of the trans to gauche transformation of 1,2-dichloro¬ 
ethane. Most often these energy barriers to rotations about single bonds are 
not large enough to prevent one conformation from changing "spontaneously" 
into another in the liquid or vapor state. Consequently, it is unusual to be 
able to isolate pure samples of a single conformation of a compound. Later, 
however, we will discuss certain cases where the barrier to rotation is suffi¬ 
ciently large to permit the isolation of different conformers of a molecule 
(cf. Section 8.3). 

Similarly in n.-butane, the carbon chain preferably assumes the gauche 
conformation in which methyl groups occur in place of chlorine atoms of 
1 ,2-dichloroethane. 


CH, 




End-on view 
of n-butane 


H H 

\ / 

C CH, 

H./ V 

h/\ 


Side view 
of n-butane 
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Hie side view of n-butane reveals the Z-shaped oonfiguratbn of the carbon 
chain m the trans conformer, and it can be understood why a saturated 
hydrocaibon caibon chain has a zig-zag shape. 


H H 

\ / 

C 

\/ 
c 

/ \ 

H H H 


H H 

V 

/\/- 

A 

H H H 


In this conformation, each CHj group is trans across the C—C bond to give 
the least amount of repulsion between neighboring groups. 


STUDY EXERCISES 

1 . Write the structural formulas for (a) the first ten normal alkanes; and (b) the 
methyl, ethyl, n-propyl, isopropyl, n-butyl, lert-butyl, sec-butyl, and the n-decyl 
groups. 

2 . Write graphic formulas for the following compounds: 

(a) 2-mcthyI-3-€thylhexane 

(b) 3,3,4-trimethylheptane 

(c) 4-i8opropyl-6-methylDonane 

(d) 3'ter(-butyl-4-sec-butyl-5-n-butyl-6-chloromethyldecane. 

3. Name the following compounds: 

(a) (CH,),CH-CH(C,H.)-CHr-CHr-CHr-CH, 

(b) CHr-CH,-C(CH,),-CH(CH,)--CHr-CHr“CH, 

(c) CHr-CHr-€Hr-CH(CH,Cl)-CHr-CH, 

4. Give an example of chain, position, functional, geometric, and optical isomers. 

5. Pick out the primary, secondary and tertiary carbons in the molecules of 
Problem 2. 


TEST QUESTIONS, Sef I 

1. Give three names for the compound 

H,C-CH~CHr-CHr-CH, 

I 

CH, 


2. Give the graphic formulsa and names for the isomers having the molecular 
formula CiHuBr (8 possible). 

3. Give the structural formulas and names for the isomers having the molecular 
formula CiIIioBrt (21 possible). 

4. What are the structural formulas for neopentane and the neopentyl group? 

5. Which formulas in the following list represent identical molecules; 
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(a) CHr-CH(CH,)-CHr-CH, 

(f) CH,-CH, CHOH~CH, 

(b) CH,-CH(C,H,)-CH(GH,), 

1 1 

(c) CH,-CHr-CH(CH,), 

(d) CH,CH,CH0HCH2CH,CH, 

CHr-CH, 

(g) (CH,),-CH-C,H, 

(e) CHr-CHr-CH(CH,)-CH-CH, 

1 

(h) CH, 

\ 

CH, 

CH-CH-C,H, 

/ 1 

CH, CH, 


6. Write line formulas for the following compounds; (a) 2,2,3-trimethylhexane; 
(b) 3-methyl-4-n-propyloctane; (c) isohexane; (d) neohexane. 

7. Give a name for the following compound: 

CH, CH, CHj-CHs-CH, 

\l I 



Cl CH 

1 1 

CH, Br CH, 

CH,-CH— 

1 1 

-C-C— 

III 

-C-G-CH-CHr-CH, 

1 

CH, 

1 1 

Cl CH 

1 1 

CH, CH,C1 


/I 

1 


CH, CH, 

CH-CH, 


CH, CH, 

8. Give the structural formula for l,l-dibromo-4-isopropyl-4-n-propyl-5-ter/-butyl- 
5-(a-chloro-7-mt‘thylbutyl)-7-chloromethylnonane. 

9. AVrite electronic structures for water, ammonia, methane, nitric acid, nitrous 
acid, sulfuric acid, and ammonia-boron trifluoride. 

10. If a compound B is ten times as soluble in ether as it is in water, will the distri¬ 
bution coefficient be larger when using brine instead of water? Why, or why not? 


c - 


C - c 

' / 
c 
I 

c 


C- C 



Alkanes 


2.1 ALIPHATIC ORGANIC CHEMICALS 

One striking fact about aliphatic chemicals is the big change in their 
sources over the past 35 years. In 1927 less than 0.1 per cent of the aliphatics 
came from natural gas and petroleum and over 80 per cent came from plants. 
Today plants supply about one-fourth of all aliphatic chemicals, and one- 
half come from petroleum and natural gas (Figure 2.1). 



Aliphatics are produced from plants chiefly by fermentation, with a few 
being isolated by extraction. By the pyrolysis of wood (Gr. pyr, Are, and 
loosing) there can be obtained methyl alcohol, acetic acid, and acetone. 
Sometimes the process is called destructive dMlation, and is merely the 
thermal decomposition of a material by heating it to an elevated temperature 
in the absence of air. As Figure 2.1 shows, this source of organic chemicals is 
now used veiy little; compounds are being produced today from natural gas, 
petroleum, and coal. Natural gas and petroleum are mixtures of hydrocarbons 
with small amounts of sulfur and nitrogen-containing compounds mixed 
therein. Consequently, natural gas and petroleum merely need to be resolved 
to yield various hydrocarbons which subsequently may be converted into 
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their many useful derivatives. Coal is a carbonaceous materud in which the 
carbon atoms form various types of rings, and when it is pyrolyzed it yields 
primarily aromatic chemicals, leaving coke as a residue. It is, therefore, the 
chief source of aromatic chemicals. However, as a result of seeking a supple¬ 
ment to the supply of gasoline during World War II (which comes chiefly 
from petroleum), methods were found in which gasoline and fuel oil could 
be produced from coal. Low molecular weight, oxygenated aliphatic chem¬ 
icals, such as methyl alcohol, acetic acid, and acetone, are produced as side 
products. The other general route from coal to certain aliphatics is through 
the series of steps 


Coal 


pyrolyaii , CkO 

- ¥ coke- ¥ 

A 



calcium 

carbide 


acetylene 

i 

acetaldehyde, 
acetic acid, etc. 


This was Germany’s lifeline for her chemical industry during World War II 
because she had no natural source of petroleum but did have an abundant 
supply of coal. 

The distribution of uses of aliphatic chemicals is shown in Table 2.1. 


TABLE 2.1. APPROXIMATE DISTRIBUTION OF USES OF AUPHATIC CHEMICALS 



Per 



cent 

Uses 

Synthetic rubber 

25 

Tires and tubes, etc. 

Automotive 

20 

Antifreeze, lead tetraethyl, etc. 

Plastics and resins 

17 

Almost every conceivable use 

Textiles 

14 

Rayon, nylon, etc. 

Surface coatings 

8.4 

Alkyd paints, etc. 

Metal processing 

5 

Solvents for degreasing, etc. 

Explosives 

4 

Dynamite, RDX, etc. 

Foods 

3 

Fertilizer, refrigerants, etc. 

Medicinals 

1.1 

Anesthetics, etc. 

Miscellaneous 

2.5 


2.2 NOMENCUTURE OF ALKANES 

The alkanes are generally the first family of organic compounds to be 
studied because the other classes of compounds may be regarded as substitu¬ 
tion products of the alkanes and the alkanes are easily obtained from natural 
resources. They are characterized by the fact that they consist of carbon and 
hydrogen only, and that the carbon atoms form only single bonds in open- 
chain structures. When other atoms or groups have been substituted for any 
of the hydrogens in an alkane, the product is regarded as a derivative of the 
original allmne. The ratios of hydrogen to carbon atoms in all of the alkanes 
fit the general empirical formula CnHin+i, in which n is the number of carbon 
atoms per molecule. For extunple, CILi CjH«, CsHi, C|Hu, and CioHh are 
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wdlMakr fonttubM tm bortAin alkanea. H the molCMidurfonBalA ol fc hyiAro* 
etirfacm k not conaktent tvitii C.Hi,^, then it is not an alkane. For ba^ee, 
C|Ho, CiHn, and CiHi are not alkanes. All the normal alkanes up to CnHut 
and a few scattered members b^ond this one have been pr^mred. 

In order for carbon to maintain ita quadrivalence in open-chain compounds 
in which the ratios of hydrogen to carbon are less than 2n +2, the carbon 
atoms must form one or more multiple covalent bonds, i.e., double or triple 
bonds. Compounds containing multiple bonds tend to add other compounds 
to the multiple bonds. It is as if the combining power or total valency of the 
atoms forming multiple bonds is not entirely used up and they tiy to do so 
by forming bonds with additional atoms. Because of this, compounds con¬ 
taining multiple bonds are referred to as being u‘nsatur(Ued, and compounds 
containing only single covalent bonds are called saiurated compounds. 

Therefore, alkanes may be defined as saturated, aliphatic hydrocarbons. 
Compared to other classes of compounds, the alkanes are quite inert to com¬ 
mon chemical reagents and for this reason, they are called paraffin (L., 
parum, small, and affinis, akin) hydrocarbons. 

In general, for each of the classes or families of organic compounds which 
will be taken up, their nomenclature, industrial and laboratory preparation, 
physical and chemical properties, and occasionally their uses will be dis¬ 
cussed. The nomenclature of the alkanes was discussed in Section 1.5, although 
the names of a few of the alkanes beyond dodecane can be added. Based on 
the number of carbon atoms they contain, the names are as follows; 


Ch 

Tridecanes 

Cfj 

Tricosanes 

Ch 

Tetradecanes 

Cm 

Triacontanes 

Cu 

Pentadecanes 

Ctt 

Pentatriacontanes 

c. 

Eicosanes 

C40 

Tetracontanes 


2.3 PREPARATION OF ALKANES 

•y, Laboratory preparation. Usually several laboratory methods of preparing 
each class of organic compound will be taken up. Frequently the conditions 
or required starting material for one method are unavailable, but are obtain¬ 
able for a second method. Sometimes there will be a large number of methods 
of preparing a particular family of compounds, but o^y the most common 
or those of greatest usefulness will be given. 

As stated in the Preface, many of the organic reactions studied in elemen¬ 
tary organic chemistry have to be committed to memory. Rote memorization 
will not be sought, however. The reactions will be employed for various 
types of operations, such as synthesis, analysis, separations, etc., and through 
this variety of associations, the reactions will soon be learned. For this reason 
the student should use as many senses as posrible in his studying- He is 
strongly urged to study in small groups ratW than alone, so that he may 
write, bear spoken, and speak chemical terms and formulas. Writing is 
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B 4 .t«riaJ. Th? stud^t who easily undw* 
itohdii fhe laot^^ or ^e textbook should be warned particularly, because he 
Will be le» inclined to study by writing and will find that when he is required 
to write organic equations or describe the chemical properties of given com¬ 
pounds without the use of his notes or book, he is unable to recall the matearial 
accurately. Furthermore, group study gives the student some confidence and 
experience in expressing what he has learned; and finally, it allows each 
student to pick up points he may have missed in lecture and to get different 
viewpoints on the same lecture material. 

(f) Reduction of alkyl halides 

H A. 

R—X R—H R.A. = reducing agent 

Zn, HCl 
LiAlH4 
HI + P 
Hj -|- cat. 

Mg, then HjO 

This is what is called a general equation for a type-reaction. That is, the 
equation expresses a type of reaction which is common for a given class of 
compounds and may be used for any member of the family of compounds. 
The letter X is conventionally used in organic chemistry to represent a 
halogen atom (normally excepting fluorine). Organic halides have similar 
properties but differ in reactivity in the order I > Br > Cl» F. This 
reduced reactivity of the fluorine compounds has led to their being studied 
separately from the other halogen compounds. Heavy use is made of the 
symbol R. In the present case it represents any alkyl group, and R—X and 
R—H would be the corresponding alkyl halide and alkane, respectively. 
Thus, if one wants to prepare ethane by this reaction, R would be an ethyl 
group; if isobutane is wanted, the R may be either a (-butyl group or an 
isobutyl group, 


CH, 

H,C 

1 

\ 

H,C—C— 

CH—CHr 

1 

/ 

CH, 

H,C 


for when a hydrogen atom is added to either group at the open bond, iso¬ 
butane results. 

As indicated above, a number of reducing agents may be used to convert 
an alkyl halide to an alkane, and five common ones will be presented here. 

1 . Zinc in concentrated hydrochloric acid is a strong reducing agent and 
can be used for this reduction. 

RCl + Zn -(- HCl -♦ RH -|- ZnCl, 
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2 . Lithium aluminum hydride, LiAlH^, is a postwar reagent and finds 

extensive use in organic chemistry. It is quickly oxidized by water vapor in 
the air, so it is used in a dry organic solvent. After the LiAlH« is allowed to 
react with the alkyl halide, the intermediate complex is hydrolyzed in dilute 
acid to yield the alkane. # 

4RX + LiAlH* - 4RH + LiX + AIX, 

Primary alkyl halides react more easily than secondary, and tertiary with 
difficulty. This reaction is useful for the introduction of deuterium atoms into 
a molecule by using LiAlDt in place of the LiAlH 4 to give R—D. 

3. Hydrogen iodide is a powerful reducing agent, but the iodine which is 
produced will react with the alkane in this case. All the halogens react with 
phosphorus very rapidly; hence, phosphorus is added to this reaction mixture 
to remove the iodine as it is formed. 

3RX + 6HI 3RH + 31* + 3HX 

_ 3Ii -I- 2P -> 2PI, _ 

3RX + 6HI + 2P 3RH + 3HX + 2PI, 

4. Catalytic hydrogenation is a clean-cut reaction, but not commonly 
carried out in the student laboratory because it requires more elaborate 
apparatus than is usually found in large elementary classes. Hydrogen always 
requires a catalyst for reaction, which for chemical reductions is usually 
platinum, palladium, or nickel. The metals are especially treated to give 
their surfaces catalytically active centers. 

RX-|-H,-^^R—H-I-HX 

5. Magnesium reacts mth alkyl halides to give a substance, RMgX, known 
as a Grignard reagent. Grignard reagents will be used in connection witii 
almost every class of organic compound. They have two very characteristic 
chemical properties, one of which is to react with any substance having an 
active hydrogen atom (an active hydrogen atom is one that is readily re¬ 
placed by a metallic cation, such as is found in water and protonic acids). 
In such a reaction, the R group of the Grignard reagent takes the active 
hydrogen to form R—H, and the MgX takes what is left. Hence, with water, 
one gets an alkane; 

RMgX -I- HOH R—H -f- MgXOH 

Since the reaction is carried out in two stages but in one reaction vessel, the 
water is indicated by "then HtO.” Therefore, the over.^ reduction is in¬ 
dicated as 

R-X-H Mg-1-MgXOH 
(it) The WurUi reaction: 

2R-X + 2NaR—R + 2NaX. 
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For illuBtration, 2^3-dimethylbutane may be prepared from isopropyl bromide. 

CH. CH, 

CHi-CH-fir + Na’+ Na + Brlin-CH, -* 


CHi CH, 

CHr-ifl-iH- 


'H”CH, *|* ^7aBr 


If two different alkyl halides are used together, R—X and R'X, then coupling 
will occur to give R—R', R'—R', and R—R. Thus a mixture of three different 
products is formed whose resolution is usually a difficult task in the laboratory. 
Ignoring differences in reactivity, the statistical proportion of the three prod¬ 
ucts is 50% R—k', 25% R—R, and 25% R'—R'. Consequently, only sym¬ 
metrical alkanes are prepared by this reaction for which a single alkyl halide 
is used. Possible mechanisms for this reaction were given in Section 1.2. 


(m) Electrolysis of carboxylic acid anions 


R_C00- R-COO. =3 R • R-R 

Anode 


This reaction is known as the Kolbe electrolysis. The carboxylate anion gives 
up an electron to the anode (oxidation) to become a free radical. One theory 
is that this first free radical loses carbon dioxide to form an alkyl free radical 
that (juickly dimerizes to the hydrocarbon. 


b. Industrial production of alkanes. Frequently laboratory and commercial 
methods of preparing organic chemicals differ; they are therefore taken up 
separately. The methods differ for three major reasons: 

1. The primary interest of industry is to make money. Therefore in the 
production of an organic chemical, industry uses the method which has the 
lowest over-all cost, taking into account the necessary starting materials 
and equipment, shipping costs, and the potential sales of any side products. 

2. The commercial value of side products is an important item. For exam¬ 
ple, say that a company has an order for methyl bromide and it makes the 
methyl bromide by the bromination of methane. It was shown in Section 1.2 
that hromination of methane yields methyl bromide, dibromomethane, tri- 
bromomethane, and tetrabromomethane. Although the company would 
prefer to convert all of the methane into methyl bromide, there is no signifi¬ 
cant loss from a portion of the methane being converted into the other 
bromination products, because the company merely places these side products 
in stock. Later, when an order comes in for any of the side products, it has 
them ready for sale, and the income from the sale of side products reduces 
the over-all cost of production of the initial methyl bromide. This is partic¬ 
ularly the case in the synthetic-fuels industry, where gasoline and fuel oil 
are synthesized from natural gas, coal, or shale rock. Alcohols and other 
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(dienkioals wc produced as side products, and their sale is a big factor in deter- 
nioing whether or not the synthetic fud industry can compete with the 
production of gasoline from petroleum. 

3. Many organic reactions are made to take place successfully only by the 
application of high temperatures, high pressures, or suitable catalysts, and 
usually only with a combination of all three conditions. It requires special 
equipment to accommodate extremely high pressures and temperatures, 
which is too expensive for other than research laboratories. As a result indus¬ 
try is capable of carrying out many reactions which are not practical in the 
student laboratory. This will be observed frequently as the preparations of 
the various classes of compounds are taken up. 

On the other hand, relatively small quantities are used in the laboratory, 
and usually the cost of the chemicals is not of primary concern. Of greater 
concern is the ease of separating any side products, the ease of removing the 
impurities, and the availability of starting materials. Naturally, other things 
being equal, one would choose the method that is the most efficient, i.e., 
^ves the largest per cent yield. 

Consequently, from the standpoint of over-all costs, feasibility of experi¬ 
mental conditions, and ease of isolation of pure products, the industrial and 
laboratory preparations will frequently be different. 

On a conunercial scale, the common alkanes are not produced synthetically 
but are isolated from natural gas and petroleum. Much more will be said in 
Section 2.8 about these natural resources. For the present it is sufficient to 
say that all the common alkanes are obtained from petroleum, and natural 
gas has the following approximate composition; 


Constituent 

Per cent 

CH 4 . 

. 80-90 

C,H4. 

. 5-10 

C,H.. 

. 3-5 

C4H,o . 

. 1-2 

Cr-Cr. 

. 1-2 


2^ ALIPHATIC FRB RADICALS 

Soon after it was realized ^t organic compoimds contained atomic group¬ 
ings or radicals that can be joined through a reaction such as the Wurtz 
reaction, attempts were made to isolate such radicals in the free state. Free 
radicals are highly reactive and quickly couple up with other free radicals 
or vigorously attack substances for an electron in order to form an electron 
pur. Finally, in 1929 Puteth was able to show the transitory existence of free 
methyl radicals by passing tetramethyllead, Pb(CHi) 4 , through a tube in a 
cwmit of an inert gas, such as hydrogen or nitrogen, at low pressure. 

The actual setup was more complex, but Uie essential features of Faneth’s 
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experiment were aa IqUowb. A tube was heated at a particular spot A, and 
at this spot a lead mirror was formed from the decomposition of the tetra- 
methyll^ (Figure 2.2). This spot was then allowed to cool, and another 
spot, B, nearer the source of the gas stream was heated. A new mirror formed 


a • 



at this second spot with simultaneous disappearance of the first lead mirror 
at A. It was concluded that methyl radicals from the decomposing tetra- 
methyllead at spot B existed long enough to travel to the first lead mirror 
at A and convert the lead into gaseous Pb(CH 8 ) 4 . If the mirror at A was 
more than a certain distance from the source of methyl reulicals at B, the 
mirror was not removed, indicating that the methyl free radicals had de¬ 
composed before reaching A. 

From measurements of the rates of removal of mirrors, the velocity of the 
gas current, and the distance between spots, Paneth calculated the half-life 
of the methyl radical under hie experimental conditions to be of the order of 
0.006 seconds. This means that one-half the total amount of free methyl 
radicals will be decomposed in that length of time. His experiments inspired 
a widespread search for other aliphatic free radicals, and since then many 
have been found to exist with extremely short half-lives. Many reactions, 
however, take place through the transient formation of free radicals, as will 
be pointed out throughout this book. For reasons to be learned when they 
are discussed, it will be found that some free radicals, particularly aromatic 
free radicals, may be sufficiently stable to exist in solution or even in the 
solid state. 

2.5 PROOF OF STRUaURI 

The question has probably occurred to the reader, how are specific struc¬ 
tures assigned to molecules, particularly to isomers? For instance, two 
hydrocarbons are obtained from petroleum which, upon analysis and vapor 
density measurements, axe found to have the molecular formula C 4 H 10 . One, 
a, has a boiling point of — 10 ° and the other, b, has a boiling point of — 0 . 6 °. 
Their other physical properties differ, too, such as their densities, refractive 
indexes, etc. But how are their structures determined? From the structural 
theory, based on a tetrahedral carbon atom and a valence of four for carbon 
and one for hydrogen, it is evident that only two alternatives are possible, 
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CHi—CH*—GHi—CHi and (CH|)|CH. There remains the problem of as¬ 
signing the correct structural formula to a and b, i.e., putting the correct 
formula on the label of each bottle. 

There is only one bromoethane, and its structure is known (see Chapter 
9). When it is treated with sodium metal it yields C,rfio, b.p., -0.6“ C., 
which has properties identical to those of b from petroleum. Since experience 
has shown that carbon chains do not rearrange under such experimental 
conditions, it is easy to decide that b has the straight-chain structure. 

2 CHr-CHr-Br -|- 2Na -♦ CH,—CH,—CHi—CH, -|- 2NaBr 

Isomer a must then be assigned the other possible structure, although its 
structure can also be determined by chemical reactions and similar reasoning. 

Either by synthesis from known substances, as above, or by orderly deg¬ 
radation of a molecule into substances of proved structure, the structures 
of all new organic compounds are determined. Originally progress was very 
slow because the structures of only a few compounds were already known for 
reference. In recent years much has been learned about relationships between 
the chemical constitution and the physical properties of molecules, such as 
color, absorption spectra, dipole moments, electron and X-ray diffractions, 
parachor, and many others. The combination of such physical methods with 
chemical methods can bring about a quick structure assignment, although 
sometimes for biological substances it may take years because of the com¬ 
plexity of their structures. Simple applications of some of these methods Avill 
be given throughout this book, particularly the phases of qualitative analysis 
and the use of derivatives. 

2.6 PHYSICAL PROPERTIES OF ALKANES 

The alkanes are typical homopolar (nonpolar) organic compounds whose 
intermolecular forces are of the van der Waals type (page 264). Such forces 
are weak, short-range, attractive forces, and the magnitude of the total inter- 
molecular attractions depends on the extent to which the molecules can get 
close to each other. Thus, linear molecules can line up with a greater propor¬ 
tion of their surfaces in close contact than can spherical molecules. Accord¬ 
ingly, the normal alkanes have slightly higher boiling points than their 
branched chain isomers. For example, the boiling points of n-pentane and 
neopmtane are 36.1“ and 9.5“, respectively. 

CH, 

CHr-CHr-CHr-CH,-CH, CHi-dl-CH, 

CJH, 

fl-Pentane, b.p. 30.1* Nsopentam, b.p. - 9.5* 

It will be observed that for the various classes of compounds, meltiiig 
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points, boiling points, vuoosities, and densities rise with increasing molecular 
weights (see Section 2.8). This is illustrated in the case of melting uid boiling 
points for the n-alkanes in Table 2.2 and Figure 2.3. It can be seen that at 


TAIU 2.2. PHYSICAL CONSTANTS OP SOMi NOMAAL SATURATED HYDROCARIONS 


Name 

Molecular 

Formula 

Melting 

Point 

Boiling 

Point 

Bp. Gr. 
Oiq.) 

Methane 

CH 4 

-183 

-162 

0.424 

Ethane 

C,H« 

-172 

-89 

.546 

Propane 

C,H, 

-187 

-42 

.682 

n-Butane 

CA. 

-138 

0 

.579 

n-Pentane 

C,H,. 

-130 

36 

.626 

n-Hexane 

C,Hm 

-95 

69 

.659 

n-Heptane 

C,H,, 

-91 

98 

.684 

n-Octane 

C,H„ 

-57 

126 


n-Nonane 

CgHio 

-64 

151 

.718 

n-Decane 

CioHia 


174 


n-Undecane 

C„H,4 

-26 

196 


n-Dodecane 

C„H„ 


216 

.749 

n-Tridecane 

CijH* 

-6 

235 

.757 

n-Tetradecane 

CmHn 

6 

254 

.764 

n-Pentadecane 

C..Hn 


271 

.769 

n-Hexadecane 

C„H„ 

18 

287 

.775 

n-Heptadecane 

CitHm 

22 

302 

.777 

n-Octadecane 

C„H« 

28 

316 


n-Nonadecane 

C„H4. 

32 

330 


n-EIicosane 

C»H41 

36 

343 


n-Heneicosane 

CnH44 


356 


n-Docosane 

CuH44 

44 

369 


n-Tricoflane 

C:iH4i 

48 

380 

.780 

n-Triacontane 

CloHl 

66 

450 


n^Tetracontane 

C 40 H 11 

81 

525 

.817 


room temperature, 25°, Ci—C 4 are gases, Cr-CiT are liquids, and the rest 
are solids. The zigzag shape of the melting-point curve is probably due to 
the fact that the alkanes with an odd number of carbon atoms have their 
end carbon atoms on the same side of the molecule and the even-numbered 
carbon atom alkanes have their end carbon atoms on opposite sides of the 
molecules. 


C C C 


C C C 


Apparently tiie alkanes having an even number of atoms can pack so as to 
permit greater intermolecular attraction and hence have slightly higher 
melting points. 
















64 


TEXTBOOK OF OBCANIC CHEMISTRY 



Fig. 2.3. Boiling-poinf and melting-point curves for the n-allcanet. 

2.7 CHEMICAL PROPERTIES OF ALKANES 

It was shown in Section 1.2 that organic reactions take place by the attack 
on an organic molecule by a free radical or a polar reagent. Most of the 
common organic reactions involve electrophilic (electron-seeking, such as 
cations) or nucleophilic (nucleus-seeking, such as anions and bases) reagents, 
but alkanes are inert toward these types of reagents. They are, for example, 
unaffected by chemical oxidizing and reducing agents, concentrated alkali, 
or concentrated acids at moderate temperatures. This fact led to their being 
called paraffins or compounds of "little affinity." They do, however, react 
readily with free radicals. Therefore, to bring about a smooth reaction under 
mild conditions, either illumination or peroxides are employed to initiate the 
formation of free radicals. Unfortunately this can be done with very few 
useful reactions, one of which is halogenation. The alternative is to use a 
very high temperature where it is probable that free radicals are produced 
by thermal decomposition. It is under such drastic conditions that several of 
the reactions of alkanes are conducted. Some of these may now be discussed. 

a. Oxidation. All hydrocarbons are combustible and in the presence of 
excess air or oxygen, the carbon is converted into carbon dioxide and the 
hydrogm into water. For the alkanes, this may be expressed 

C.H„+s -b 0, -V n CO, + (n + 1) H,0 -b heat 

In an insufficient supply of oxygen, the carbon may be oxidized only to 
eli^ntal carbon or carbon monoxide. This is the reason exhaust fumes 
from automobiles are so deadly; they Contain a high concentration of the 
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t oYift gas, carbon monoxide. Also, when the air vent of the Bunsen burner is 
closed to shut off the air, a coat of soot (carbon) forms on the bottom of the 
vessel being heated. The flame is not very hot and the gas is burned largely 
to carbon which condenses on the cooler surface. When the vent is opened, a 
hotter flame results and it bums the soot to carbon dioxide, and thereupon 
the black coating disappears. 

Although combustion is oxidation, the term combustion is restricted to 
rapid oxidation by oxygen with the liberation of heat and light, and is not 
of particular chemical significance.* It is, of course, of importance from the 
standpoint of hydrocarbons serving as combustion fuels in furnaces. In this 
respect, methane has the highest heat of combustion per gram. 

In spite of the fact that all hydrocarbons are combustible, the alkanes are 
characterized by being extremely resistant to chemical oxidation. For in¬ 
stance, potassium permanganate is a strong oxidizing agent capable of 
oxidizing most classes of organic substances, and for this reason it is chosen 
as the standard reagent for testing the oxidizability of organic substances. 
Alkanes are one of the few types of substances which are inert toward KMnOi. 

Commercially alkanes may be catalytically oxidized by air at hig\i temper¬ 
atures to produce oxygenated products. The direct oxidation of the lower 
saturated hydrocarbons expanded rapidly in the postwar years. A typical 
product distribution is given below. 


C«Hio ^ CH,OH -h HCHO -h CH.CHO -h CH.COCH, -f- other 


methyl 

formal¬ 

acetal- acetone 

aldehydes, 

alcohol 

dehyde 

dehyde 

acids, and 
alcohols 

100 lb. 19 lb. 

15.2 lb. 

19.6 lb. 7 lb. 

12.9 lb. 


Butane oxidation products 



An indirect route consists in burning the alkanes to carbon or carbon monoxide 
and then hydrogenating these to other hydrocarbons and oxygenated com¬ 
pounds. This is the basis of producing synthetic fuels from natural gas, or 
from anything which can be burned to carbon monoxide. This is discussed in 
Section 2.8. 

When hydrocarbons, saturated or unsaturated, are mixed with air within 
certain proportions, the mixtures will explode violently upon ignition. This 

* There are certain oxidations not involving oxygen which liberate light and this phe> 
nomenon ia referred to aa chemilumineBcenee For example, when hydrogen peroxide ia 
added to a aolution of formaldehyde in alkaline pyrogallol, light ia emitted with the evolu¬ 
tion of hydrogen gaa. 


2H,CO + HA -► 2HCO.H + H, -I- light 

Another widely uaed reaction ia the oxidation of luminol with potaaaiifm ferricyanide.— 
H. Huntieaa, L. N. Stanley, and A. S. Paiker, J. Chem. Educ. U, 142 (1934). 
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IB the cause of many explosions in coal mines, where methane is known as 
firedamp. 

Finally, when hydrocarbons are heated to high temperatures in the pres¬ 
ence of metallic catalysts, they may lose hydrogen orHhe carbon skeletons 
may undergo fission. This process is called cracking and will be discussed in 
Section 2.8. When a hydrocarbon loses hydrogen, it is effectively being oxi¬ 
dized. Occasionally such a process is carried out commercially, as for example 
in the production of ethylene, CHj=CHj, from ethane, or the production of 
hydrogen itself from methane. Surprisingly, the petrochemical industry is 
one of the largest producers of ammonia through its production of hydrogen 
from natural gas. Two different processes are used; 

1100 “ 

I CH,C + H, 

oat. V 


1000 “ / 

CH4 + HjO—►CO- l-Hj 

cat. 



b. Sulfonation. Alkanes react with fuming sulfuric acid at elevated temper¬ 
atures to produce alkanesulfonic acids. 


R—H -h HOSO,H 


■ R—SOjH + HOH Tert. > Sec. > Prim. 


Tertiary carbons react faster than secondary carbons which react faster than 
primary carbons. The reaction is not a useful one, since such drastic condi¬ 
tions must be used. Fortunately, the alkanesulfonic acids can be produced 
more conveniently by the reaction sequence, 


RH -1- SOjCl; 


illumiiution 
or peroxide 


RSOiCl -t- HCl 


-fRSOjH-l-HCl 

in which the first step takes place by a free radical mechanism. 

c. Nitration. Nitration of alkanes, too, is difficult and requires high temper¬ 
atures. 

40QP 

R—H + MONO,-► R—NO, + HOH Tert. > Sec. > Prim. 

Practically only mononitroaJkanes are produced. The reaction has the draw¬ 
back that many fission products are produced, and alkyl groups may even 
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be replaced by nitro groups. For example, nitration of 2-methylbutane yields 
the following products: 

__ HONOi 

CHr-CH—CHr-CH, —^ 


CHjNOj, CHjCHjNO,, CH,—CHr-CH,, 


CH,-CH-CH,-CH,, OjN-CHj-CH-CHr-CH,. 

I I 

NO, CH, 

NO, NO, 

I I 

CH,-C-CHr-CH,, CH,—CH—CH—CH,, 

I I 

CH, CH, 

CH,—CH-CH,-CH,—NO, 


CH, 

The higher the temperature employed, the greater is the yield of fission 
products. Various oxidation by-products are produced, and usually it is 
profitable to isolate them. 

Thus, with so many substances being produced, the synthesis of nitro- 
alkanes by nitration of alkanes is ordinarily not done in the laboratory. 
Instead, methods are used as discussed in Section 16.4. 


d. Halogenation. The general equation is simply 

R-H + X, R-X + HX TeH. > Sec. > Prim. 

F, Cl, > Br, > I, 

where X, is a molecular halogen, R—X is an alkyl halide, hv is the symbol 
for radiation (usually sunlight or artificial illumination), and A is used to 
indicate heat. X, may be any of the four halogens—F,, Cl,, Br,, or I,^—but 
in this reaction it is normally restricted to just Cl, and Br,. In the case of 
fluorine, the heat of reaction (cf. below) is greater than the C—C bond 
energy, with the result that C—C bonds are broken during fluorination. 
Because of the strong reducing power of HI, the reaction with iodine is 
reversible, with the equilibrium lying on the left side of the equation. Hence, 
direct fluorination and iodination are rarely feasible. 

When methane and chlorine react to produce methyl chloride plus hydrogen 
chloride, a C—H bond and a Cl—Cl bond are broken, and a C—Cl and an 
H—Cl bond are formed. Energy must be supplied initially to break the first 
two bonds (referred to as their bond strengths or bond energies) and'h certain 
quantity of energy is given up when the new bonds are formed. With chlorina- 
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tlon^ (Ke overnUl ditoge oi* tbe hettt of reaction is ei»>tlfeil^ Fiom the 
f^Bp^ve ene^ cl^ngee beto^v, it can be aeon that RtiOritmtiOfti 
tion, and bromination nxe exothermic, whereas iodinatioti ii eadotheimie* 
The heat from fluorittationa frequently ignites the hydrocarbon. Hencc, only 
chlorination and bromination are used for preparative purposes. 


C-H + F-F -»C-F +H-F 
98.2 SO 112 141 

AH- 

-104.8 kcal 

C—H + Cl—Cl ~+ C—Ci -}■ H—Cl 
98.2 57.1 78 102.1 

AH- 

—24.8 koal 

C—H + Br-Br -»C—Br + H-Br 
98.2 45.4 64.8 86.7 

AH - 

—7.9 kcal 

C-H + I-I C-I + H-I 

98.2 35.6 56.6 70.6 

AH = 

■|-6.6 kcal 


The first/etra/franes react very readily with chlorine. For example, methane 
is chlorinated rapidly in the dark and explosively in sunlight. As a general 
procedure, however, chlorination and bromination of the alkanes require 
heat and illumination for a successful reaction (see page 18 for mechanism). 

As stated in Section 1.2, reaction does not stop after monohalogcnation, 
nor does reaction take place with the same carbon atoms in all molecules of 
a particular substance. That is, bromination of propane can produce two 
monobromopropanes (l-bromopropane and 2-bromopropanc), four dibromo- 
propanes, four tribromopropanes, etc. Thus, many products will be produced 
and unless a compound is such as to give predominantly one-halogenation 
product, the reaction is not used in the laboratory. If a desired alkyl halide 
is sought, it is prepared by one of several other methods or bought commer¬ 
cially. Industry, on the other hand, does not object strongly to several prod¬ 
ucts, because the reaction mixtures can be fractionated conveniently in the 
large distillation columns and the by-products can be shelved to build up a 
stock of various halogenated alkanes. 

Although halogenation of alkanes and their derivatives gives several 
products from one compound, the substitution is not completely random. 
When a halogen atom attacks the organic molecule, it can most easily remove 
a hydrogen atom from a tertiary carbon and least easily from a primary 

CHb CH, CH, 

CHr-CH,—in—CH,^CHr-CHr-A-<3H, + CHj-CH-iH—CH, 

A.h. I , 

Br Br 


CH, 

+ CHr-CHr-in—CH, + CH, 

I 

Br 




CH, 


CHr-CH—CHr-Br 
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tiie iiioiiobromination {M^ from ttopeataiie, 
prodaoedltt^U^^ ipouiit* A^ 
flObii^NWn^ ^ flia iafiuciace tlm re^ivii^ of yai^^ 

bondo. For example, the peroentagea of moiiQehlorioaUo& prodiicta (^tiyaed 
in the ehl(mnation of substituted piopaues are as foUoirs: Z rf^resente the 
substituent indicated below and the hgures denote the relative amounts of 
chlorination occurring at the respective carbon atoms. For illustration, chlorin¬ 
ation of l-chlorobutane (Z <= CH^Cl) gives 24% of 1,2-dichlorobutane, 51% 
of 1,3-dichlorobutane, and 25% of 1,4-dichlorobutane. 


c— 

-C— 

—c 

z 

T 

T 

T 


50 

C,H, 

20 

40 

40 

CH, 

25 

51 

24 

CHjCl 

29 

46 

25 

OCOCH, 

38 

49 

J3 

CHClj 

41 

46 

13 

SiCla 

45 

45 

10 

COOH 

45 

45 

10 

Cl 

47 

50 

3 

OCOCCl, 

48 

49 

3 

COCl 

50 

42 

8 

CCl, 

55 

45 

0 

CF, 


The descending order of the groups closely parallels their electronegativities 
and it can be seen that there is a drift in the position of chlorination away 
from the substituent with increasing electronegativity of the substituent. 


CH|—CHi—X fM-, than HiO 
LiAim 
HI + P 

zd + Ha 
.Hi + wt. 


CH,—X 


HOBO.H. 1 S$.CHr-CHr-SOJi 



SOiQi 

CH,—CHr-SO,Cl 


electrolysis y 

CH,— COONa ' CHr-CHi-Nd, + CH,NO, 

fig. 2.4. Oioracferittic reaction chart for alkanes. 
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2.8 HOMOLOGY 

Owing to the formation of carbon chains, there iS a certain relationship 
between the structures of the members of each family of compounds. For 
illustration, the structures of ethane, propane, n-butani, etc., are obtained 
from methane by the successive insertion of CH 2 groups between the end 
carbon and hydrogen atoms. 

CH,—H 
CHr-CHr-H 
CH,—CHj-CHr-H 
CHr-CH,—CHj-CHr-H 

The series can be represented by the general structure, CH,—(CH,),—H. 
Similarly, one may start with methyl alcohol or methyl chloride and suc- 
crasively place a CHj group between the end carbon atoms and the substitu¬ 
ents to form the family of alcohols, or the family of n-alkyl chlorides. 


CHr-OH 

CH,—Cl 

CHr-CH,—OH 

CHr-CH,—Cl 

CHr-CHr-CHr-OH 

CH,-CH,—CH,-( 

CHr-(CH,)„—OH 

CH,-(CH,)„-C1 


CHr-CHOH—CH, 

CH,—CHj—CHOH—CH, 
CHr-CH,—CH,—CHOH-CH, 
CH,—(CH,)„—CHOH—CH, 





Fig. 2 Jl. Pbf of tho hoot of GombwHen vi. drain Imgth of tho n>all(anot. 
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Dan iM 

0fowiiih-o/fln9t 

Ofoiift 

Or••nll^-y•lto« 

LtmoA-ytllon 

Bait-ytlloa 

Whirt 


Fig. 2.6. Graph of the color (wavelength of light absorption) vs. number of 
—CH=CH — bonds in the diphenylpolyenes, CsHt— (CH=CH)n— CeHi. 


The last series shows that the repeated structural unit need not necessarily 
come at the end of the chain. Each of these related series, or families, is called 
a homologous series (Gr. homos^ the same, and logos, word, speech); i.e., a 
series of compounds in which any two consecutive members differ by a struc¬ 
tural unit that is common for the series. The members of a homologous series 
are called homologs, and the phenomenon is referred to as homology. The 
most common structural unit in forming homologous series is the methylene 
group, CH 2 , but other structural units are possible. For instance, other homol¬ 
ogous series are GHa—(CH=CH).—COOH and Cl-(CH=CII)„-Br where 
the common structural unit which builds up the series is the —CH=CH— 
group. 



Fig. 27. Boiling-point curves for the homobgous series: I, n-atkanes, ll« n-aldehydet 
^HO)r % n*alcohols (H —— CHsOH), IV, n-cortoxylic odds 
(HHCHJ.-COOH). 
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Homology serves a very useful function. For illustration, it is usually found 

that a regular curve is obtained when any physical property of a homologous 
series is plotted against the positions of the members ifi the series. For exam¬ 
ple, a smooth curve js obtained when the boiling points of the first tea n-ai- 
kanes are plotted against the number of carbon atoms in the molecules, as 
seen in Figure 2.3. Should there be an n-slkane whose boiling point is not 
known, its boiling point could be estimated w'ith high reliability by extrapola¬ 
tion on the graph. In a similar fashion, the viscosity, melting point, density, 
color, index of refraction, or other physical property can be plotted against 
the chain length of a homologous series. Not alw'ays is a straight line ob¬ 
tained, but normally one gets a smooth curve from which the values for 
missing members in a series may be estimated by interpolation or extrapola¬ 
tion. Several examples are shown in Figures 2.5, 2.6, and 2.7. 

2.9 THE STORY OF PETROLEUM AND NATURAL GAS > 

Over one-half the value of the entire chemical industry originates from 
petroleum and natural gas, and also, over 50 per cent of the total U.S. energy 
comes from these materials. Chemicals which stem from petroleum or natural 
gas are called petrochemicals, and the industry has had a phenomenal rate of 
growth. For illustration, the average yearly increase for this industry has 
been 15 per cent, as compared to 10 per cent for the chemical industry as a 
whole and 3 per cent for all industries. Because of the importance of the 
petroleum and natural-gas industries, this section gives an extensive descrip¬ 
tion of these industries. Many of the terms mentioned throughout this section 
and most of the reactions given in the latter portion will not and need not 
be understood at this time. They are included merely for organization, and 
reference will be made to this section frequently in the course, at which 
times it will be comprehensible. 

In Biblical times, petroleum was used for coating the bodies of boats and 
the walls of temples and palaces, as an illuminant, for embalming, and for 
other purposes. A century ago a rubbing ointment or an intestinal lubricant 
was made from petroleum which North American Indian medicine men, 
frontier housewives, and patent-medicine barkers obtained from so-called 
“natural oil” taken from surface seepages. A half-century ago kerosene was 
the chief derivative of p>etroleum, being used as fuel for lamps. A quarter- 
century ago gasoline was the “gem” of the petroleum industry. Today 
petroleim is a “treasure chest” for industrial chemicals, although coal shows 

' The American Petroleum Institute and the American Gas Associataon, both in New 
York City, will supply teachers with a host of free descriptive materials, oonristing of book¬ 
lets, charts, filmstrips, and other teaching aids to provide information and stimulate inter¬ 
est in petroleum and natural gas. 

A comprehensive discussion of petroleum may be found in the three volumes of The 
Chemiitry of Paroleum Hydroearb^, edited by B. T. &ooka, C. E. Boord, 8. S. Kurtz, 
and L. Schmerling, Beinhold Publishing Corporation, New York, 1964-56. 
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piomise of bBCOindng^^ m storehouse of chemicals. From petroleum 

are derived medicines, insecticides, rubber, perfumes, plastics, explosives, 
motor fuel, and almost any carbon-containing substance mentionable. 

a. Origin. Buried in the earth are vast amounts of carbonaceous sub¬ 
stances, the most common being petroleum, natural gas, coal, and diamonds. 
It is believed that animal and plant remains, after being embedded in the 
earth at elevated temperatures for millions of years and subjected to great 
pressures by gas evolution plus superimposed layers of silt, sand, and rock 
strata, were changed into carbon-containing residues. Depending upon the 
conditions, the chemically bound nitrogen, sulfur, oxygen, hydrogen, and 
other elements in the organisms were converted into mineral matter or in¬ 
organic gases, while most of the carbon was transformed into carbonaceous 
gases (natural gas), liquids (petroleum), and solids (coal, shale, tar sand, 
diamond, etc.). These solids contain varying percentages of carbon, ranging 
from about 10 per cent in shale, peat, and tar sands, to 35 per cent in lignite, 
65 per cent in bituminous coal, 85 per cent in anthracite coal, and up to 
100 per cent in diamonds. 

The leading petroleum-producing states are Texas, California, Kansas, 
Louisiana, Oklahoma, Wyoming, and New Mexico. Other rich regions are 
Mexico, Dutch East Indies, Arabia, and Russia. The United States produces 
30 per cent and uses 50 per cent of the world’s supply of petroleum. Petroleum 
constitutes about 0.9 per cent of the total U.S. fuel resources, natural gas 
about 0.7, shale about 3.4, and coal about 95 per cent. 

b. Oil wells. In oil-bearing areas usually some brine, oil, natural gas, and 
sand in varying proportions are present. The problem is to locate the oil or 
gas and recover as much of it as possible. James M. Williams of Hamilton, 
Ontario, is reported to have dug the first successful, commercial oil well in 
North America in 1857. The first oil well in the United States was drilled by 
“Colonel” Edwin L. Drake on Oil Creek, now Titusville, Pennsylvania, in 
1859. This well was 69 feet deep and produced 30 barrels of oil a day at a 
cost of 20 dollars per barrel. Now the United States produces over 7 million 
barrels per day from wells that extend down over 15,000 feet. The proved 
reserves of petroleum, now over 29 billion barrels, have always increased in 
spite of the increased consumption. 

New oil- and gas-bearing areas are located today with the aid of scientific equipment. 
Surface prospectors study physical properties of the earth, such as the force of gravity, 
magnetiun, hardness, or radioactivity, from which certain values indicate the probable 
locality of oil or gas. A gravity meter measures the variation in gravity caused by 
changes in rocky formation. A magnetic susceptibility measuring device, nicknamed a 
“doodle bug” or a “flying eye,” detects highly magnetic rock. The electrical conduct¬ 
ance of oil is poor, and therefore a low electrical conductivity between two poles may 
reveal an oil-bearing spot. Seismographs record shock waves sent downward by explod- 





1. Sea ooze trapped a masB of plant and ani- 4. Water seeped through the porous rock, 
mal remains from land and ocean in a The less dense oil and gas rose to the top 
firm layer. in the stratum. 


2. The new silt on top buried the stratum 
and created pressure and heat on the bits 
of matter. 

3. Bacteria or other agents turned these into 
carbonaceous residues. A tremor folded 
tho earth's crust, which one can imitate 
by bending the leaves of an ordinary tab¬ 
let. 


5. The rock layers cracked and slipped past 
one another, and an impervious layer 
sealed the gas and oil in the fault. 

6. Today man digs up this chemical treafih 
ure. A well may hit either dry area, gas. 
oil, or water, or any combination of these. 
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pocketing oil. Since hydrogen atoms are good neutron stoppers and oil hu a high 
hydrogen content, neutron bombardment has been used to detect oil. 

By means of such measuring devices, the chance of hitting oil or gas when drilling 
a new well is one out of eight these da>a, whereas the nontechnical '^wildcat hunches” 
and use of divining rods were correct less than once out of 30 times. With odds of 
eight to one that a hole will be dry, it still holds that ‘'oil is where you find it.” It is 
expensive to drill holes; the average cost in 1954 was 8123,000 per well. 

In recent years considerable attention has been given to oil prospecting beneath the 
coastal waters of the Gulf of Mexico and off the California coast. These continental 
shelves, about 600 feet or less beneath the water level, show promise of having ex¬ 
tensive oil deposits. In most cases wells are drilled from anchored platforms over the 
water. 

In 1901 the first oil well in the Gold Coast district roared into being, and until its 
tremendous pressure could be capped, it shot an estimated 76,000 to 100,000 barrels 
of oil a day 200 feet into the air. Gushers are a thing of the past, for now wells are 
never allowed to flow wide open. In this connection, there are two major developments 
in petroleum engineering designed to increase the efficiency of oil recovery from wells. 
One is cycling, whereby the ”wet” gas from an oil well is treated for the removal of 
natural gasoline and other liquefiable contents, and then recompressed and returned 
underground through injection wells to maintain pressure in oil-bearing formations. 
In the second technique, called flooding^ w'ater is pumped at high pressure into chosen 
wells, filling voids left by withdrawn oil and gas and driving the remaining oil into 
producing wells. As a result of these and other modern practices, about 50 per cent of 
the petroleum in an oil field can be extracted, whereas only 25 per cent was recoverable 
years ago. In 1865 the average life of an oil well was about 2 years; in 1886 it grew to 
7 years; it was 21 years in 1931; and today the average life-span is about 30 years. 

c. Description. Petroleum got its name from the Latin words, petra, rock, 
and oleum, oil. It consists of a large number of hydrocarbons dissolved in 
one another along with various sulfur-, oxygen-, and nitrogen-containing sub¬ 
stances. The composition and appearance differ, depending upon the location 
of the well, with the color ranging from yellow through red to black. It is 
classified as paraffin-base if the residue after removal of the volatile fractions 
contains mostly paraffin wax, and as asphalt-base if this residue contains 
mostly asphaltics. The paraffin base contains a larger percentage of gasoline, 
but there is less of it. 

d. Refining. Natural gas is a mixture of hydrocarbon and nonhydrocarbon 
gases. 

The Belgian physician Jan B. van Helmont (1579-1644) was the first writer to use 
the word ‘^gas,” and it is said that the name came from the German word geisi and the 
Old English word gast, both meaning ghost. As early as 1802, the streets of Genoa, 
Italy, were lighted by gas. The first American gas well was brought in at Fredonia, 
N.Y., in 1821. It was 27 feet deep and the gas, piped through hollowed logs, was used 
to illuminate the town. 

The several hydrocarbon components of gas can be separated from one 
another by fractional distillation. Some nonhydrocarbon gases are separated 
by extraction. This fractionation is diagrammed in Figure 2.9. 
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Fig. 2.9. Flowsheet for the fractionation of natural gas. 

Crude petroleum is piped to the refinery from a well and fractionated by 
distillatbn into several volatile fractions. Normally, tall bubble-cap fraction¬ 
ating columns are used, and several broad fractions can be withdrawn at 
various levels. A common practice is to stop the distillation after the kerosene 
fraction, and the residue, called reduced crude, is used for fuel, lubrication, 
or for cracking stock. A typical fractionation of petroleum is given' in Table 
2.3. An extremely meticulous fractionation of one grade of petroleum yielded 
146 different hydrocarbons, including paraffins and carbocyelic hydrocarbons. 

e. Treatment and uses of fractions. 

Gaaeom hydrocarbons: These are used as follows; 

1. Gaseous hydrocarbons serve as fuel in furnaces and internal combustion 
engines. The propane and butane may be separated and compressed 
into liquid form which can then be transported in steel cylinders. The 
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TAttC 2 .3. TrnCAl FRACTIONATION OF FnROLIUM 


Name 

Composition 

Approximate 

Percentage 

Boiling 

Range 

Gaseous hydrocarbons. 

Cl — C 4 

2 


Petroleum ether. 

Ci—Ce\ 

9 

20-60 

Ligroin. 

C.-C7i 

A 

60-100 

Gaaoline. 

C?-C|2 

32 

70-200 

Kerosene. 

Cij — Cu 

18 

200-275 

Gas oil (diesel fuels). 

Cu-CiB 

20 

Above 275 

Lubricating oil and waxes. 



Not distilled 

Coke or asphalt. 

■i 


Residue 


bottled gas, called LPG (Liquid Propane Gas) reverts to its gaseous 
state when released from pressure. Many tractors, buses, and even taxi¬ 
cabs now use LPG for fuel. Chicago has over 1000 of its buses running 
on LPG, a fact which offers the advantage of producing less exhaust 
fumes. To take care of the varying seasonal demand for 1.PG, it is 
stored in deep underground caverns cut out of thick salt formations. 

2. They are alkylated to produce gasoline (see Section 3.4d). 

3. They are burned to form lampblack for tires, inks, etc. 

4. They are used for chemical synthesis of tetraethyllead, alkenes (see 
Section 3.2b), and other products. 

5. Methane is now the largest source of hydrogen (for ammonia synthesis), 
produced as indicated on page 66. 

Petroleum ether and ligroin: 

Petroleum ether and ligroin are used as solvents for varnish, perfumes, dry 
cleaning, and rubber. 

Gasoline: 

As initially obtained by distillation, the product is called straight-run 
gasoline and is of low octane rating. This is refined to remove (1) unsaturated 
hydrocarbons which form gums upon standing; (2) sulfur compounds which 
reduce antiknock effect of tetraethyllead, have unpleasant odors, and are 
toxic; and (3) aromatics and naphthene (cycloalkanes). After this refinement, 
controlled amounts of substances are added for specific purposes, such as 
aromatics to raise octane ratings tmd ethylene bromide to convert the lead 
oxide (produced from tetraethyllead in the fuel) to volatile lead bromide, 
which then passes out with the exhaust gases. Thus, gasolines today are 
blends of C |—Ct alkanes mixed with additives to reduce knocking, lengthen 
exhaust-valve life, diminish oxidation, inhibit rust formation, prevent car¬ 
buretor icing, and suppress spark-plug fouling and preignition. Typical con¬ 
centrations of gasoline additives in commercial use are shown in Table 2.4. 
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TABIC 2.4. TYPICAL GASOLINE ADDITIVES IN COMMERCIAL USE 

Concentration 

Type 

(PWP. by wt.) 

Dye. 

. 5 

Antioxidant. 

. 20 

Metal deactivator. 

. 4 

Antirust. 

. 20 

Anti-icing. 

. 11,000 

Detergent. 

. 2500 

Lubricant. 

. 2500 

Deposit modifier... 

. 300 

Antiknock fluid. 

. 2900 


Over two-thirds of all motor vehicles in the world are in the United States. 
Consuming 50 billion gallons of gasoline annually, the United States uses 28 
times per person more than the rest of the world, California being the largest 
consumer. Big four-engined planes take over 5000 gallons of gasoline at a 
fueling and burn it up at a rate of 600 gallons an hour. This amount of gas¬ 
oline could run the average car around the world three times. 

When the automobile became a major part of the American scene, there 
was an urgent need for a dependable method of evaluating gasolines. After 
considerable experimentation, the octane scale was developed. As such, the 
octane number of a fuel is the per cent of Isooctane in a mixture of Isooctane 
plus n-heptane that gives the same knock properties as the sample fuel. 
Isooctane is a trade name for 2,2,4-trimethylpentane, normally made by 
alkylating isobutylene with isobutanc (see page 110). 

Preignition of fuel in the cylinder ahead of the flame is called knocking. When a fuel 
bums, ignited by the spark plug, the rapidly expanding combustion gases compress 
the remaining unburned fuel and raise its temperature. If the temperature and pressure 
reach a certain critical value, depending on that particular fuel, the remainder of the 
fuel explodes spontaneously or is ignited by glowing deposits. When this occurs, the 
molecules strike the cylinder and piston surfaces with fantastic velocities and cause 
the cylinder structure to vibrate; this is heard as the familiar ping when pulling up a 
steep grade or attempting to accelerate the car rapidly. Also, it heats up the com¬ 
bustion-chamber parts. Thus, much of the fuel energy normally converted into power 
is dissipated as heat and mechanical energy. The situation is analogous to trying to 
move a piano. One would not run and bump into the piano to move it, but rather would 
get close and push against it steadily. Similarly, a steady, orderly combustion of gas 
in the cylinder generates the greatest amount of power. Branched-chain hydrocarbons 
have less tendency to knock than straight-chain hydrocarbons. Catalysts such as 
tetraethyllead greatly reduce knocking and, in addition, catalyze a complete com¬ 
bustion of fuel to gaseous products, which decreases carbon deposits. Tetraethyllead 
in the amount of about 2-4 ml per gallon of fuel usually improves a fuel by 2-3 octane 
numbers. Some highly branched-chain hydrocarbons have high octane ratings: for 
instance, triptane, 2,2,3-trimethylbutane, has an octane number of 116. Premium 
gas runs about 98 octane and regular gas about 95, and compression ratios average 
around 9 to 1. 

ConpresBum ratio is a term that indicates how much a given engine compresses its 
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fuel—a mixture of gasoline vapor and air—in its cylinders before igniting it. The 
greater the compression before the fuel is fired by the spark plug, the more power 
obtainable from a gallon of gasoline, but the more the fuel tends to knock. Hence a 
compromise is reached. As better fuels are produced, higher compression ratios are 
used to give higher efficiencies. For example, two 1950 Cadillacs compared the pickup 
from 10 mi/hr in the same time interval using 1925 and 1950 gasolines. The 1^5 gas 
pushed its car 780 ft while the car with 1950 gas went 1170 ft. Also, two 1950 Olds- 
mobiles, each with 0.1 gal of gas, one with 1925 gas and one with 1950 gas, averaged 
22.5 mi/gal with the latter and 15.1 mi/gal with the 1925 gas. 

Diesel engines differ from gasoline engines in that the mixture of fuel and air is 
allowed to ignite spontaneously by the high temperature generated during the com¬ 
pression of the fuel instead of using a spark. A high-compression ratio of 14-17 to 1 
is used, and for these engines, straight-chain hydrocarbons are superior to branched- 
chaiii hydrocarbons. Cetane, n-hexadecane, ignites rapidly and is given a rating of 100, 
whereas a-methylnaphthalene (Section 8.3) ignites slowly and is rated zero. The 
cetane number of a fuel, then, is the per cent of cetane in a cetane-a-methylnaphthalene 
mixture which has equal ignition qualities as the sample fuel. Diesel engines have a 
higher efficiency than gasoline engines and also use less expensive fuel. 

Kerosene^ Cy% —Cib-* 

Kerosene is used for domestic heating, illumination, and jet-propulsion fuel. 
Three hundred gallons of jet fuel are required to taxi a jet bomber from the 
warm-up ramp to the end of a runway for takeoff, usually a distance of 
about 1.5 miles. 

Gas Oil or Diesel Fuel, Cu—Cia; 

Gas oil is used for fuel in furnaces, diesel engines, and for cracking stock. 
Lubricating Oit, Cja—C 20 .’ 

Lubricating oil is used as a lubricant or for cracking stock. It is purified by 
steam distillation, vacuum distillation, molecular distillation, or extraction. 
Extraction is made with an alkali to remove acids; treatment with clay is 
made to remove the last traces of acid; wax is removed by adding propane, 
chilling, and filtering. 

Paraffin Wax, Cn — Ci^: 

Paraffin wax is removed chiefly by freezing and filter pressing. It has now 
become an important basic material in the rapidly expanding packaging 
industry. The large domestic demand for petroleum wax, about 800 million 
pounds annually, is due to its very low water permeability. For illustration, 
the relative water-vapor transmission rates of various packaging materials of 
approximately the same thicknesses are shown in Table 2.5. We see that waxed 
paper, with a transmission rate of 0.7, is a superior waterproof and water¬ 
tight packaging material. The oldest use of wax is in the manufacture of 
candles, but this use is now small compared to packaging. The milk-carton 
and frozen-food industries are major consumers of paraffin wax. Even today, 
the manufacture of candles accounts for more than 75 million pounds of 
paraffin wax each year. Waxes are also important ingredients in many items 
such as rubber, polishes, solid lubricants, and paper cups. 
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TABLE 2.5. REUTIVE WATER-VAPOR TRANSAMSSION RATES 


Waxed glaseine paper... 

Cellophane (moisture resistant) 

Saran. 

Polyethylene. 

Butyl rubber. 

Polystyrene. 

Cellophane (plain transparent). 

Cellulose acetate. 

Unwaxed glassine paper. 


0.7 

1.0 

1.5 

2.5 
3.0 

50.0 

500.0 

500.0 

500.0 


Coke and AapKalt; 

Coke and asphalt are used for fuel, underground cables, battery boxes, 
brake linings, insulation, roofing, paving for playgrounds and roads, and 
asphalt tiles for flooring. 


f. Processes of the petroleum industry. 

Cracking: 

Pyrolysis of hydrocarbons is called cracking and consists of the breaking 
down of hydrocarbons to other hydrocarbons of lower molecular weight. For 
example, when n-decane is heated to a temperature above 600®, the reaction 
product consists of a mixture of saturated and unsaturated hydrocarbons 
having from 1 to 10 carbon atoms, and hydrogen gas. The pyrolysis proceeds 
by a free radical mechanism, and the original carbon chain is broken randomly. 
For illustration, cleavage at the end of the chain produces the methyl and 
nonyl radicals: 

H H H H H H 

III eoo’ I II 

H—C—C—C—CtH,,—►H—C- -f- C—C—CtHj, 

III "I II 

H H H H H H 

Methyl n-Nonyl 

radical radical 

The methyl radical may attack a second decane molecule to produce methane 
plus a decyl radical (or two methyl radicals may combine to form ethane), 
and the nonyl and decyl radicals may each lose a hydrogen atom to produce 
the respective unsaturated hydrocarbons; 

H H H H 

I I I I 

C—C-CtH., C-C-CiHn + H 

III 

H H H 

n-Nonyl 

radical 
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The unsaturated hydrocarbons may suffer further cracking, ai^ a hydrogen 
atom may combine with another hydrogen atom or propagate the chain reac¬ 
tion. Cleavage at the second C—C bond in the decane chain produces ethyl 
and octyl radicals which may react to produce ethane plus octane or ethylene 
plus octane. 

H H 

H r + —C(Hu + H • 


H 


rOctene 


H H H H H H 

,4444-CB„ ^5 H-cU: ^ 

^ A ^ A 1^ 

n-Decane Ethyl 

ndical 

H H 

CH^-CHi -I- 

k A 

Ethylene Octane 


H H 

■ C—C—CiHu^ 


n-Octyl 

radical 

H H 

44 -. 

U 

Ethane 


H H 

H + M-CiHa 


Oeteoe 


It can be seen that a great variety of products is produced in the cracking 
process, and the relative proportions of the different products obtained 
depend upon the reaction conditions. The unstable free radicals react in at 
least three ways: (1) by dimerization, R • -f-R • —»R: R; (2) by disproporiutn- 
alion, 2RCH,CH, - -» RCH,CH, + RCH=-CH,; and (3) by radical transfer, 
R • 4- R'X RX -|- R' •. The first two possibilities terminate reaction. In 
many instances, all occur simultaneously and the mixture of products is very 
complex. In general, however, certain reactions are favored relative to the 
others, and specific products predominate. 

In the petroleum industry, the raw material for the cracking process is 
usually gas oil or lubricating oil, and the process accounts for 50 per cent of 
the total supply of gasoline and practically all the high-octane gasoline. 
When the process is effected by heat alone, called thermal cracking, it is car¬ 
ried out at elevated temperatures and high pressures to give a product of low 
octane rating. When a catalyst is used, the process is called catalytic cracking. 
This permits the use of lower temperatures and pressures, and the gasoline 
product has a high octane number. It may be carried out by placing the 
catalyst on (1) a fixed bed or (2) a moving bed or (3) by adopting a “fluid" 
catalyst technique whereby the catalyst is powdered and mixed with air to 
make it flow like a liquid. It is well ^own that the smaller the particles of 
a given mass of matter, tiie greater is their total surface area. The partiolea 
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method because it Is most easily adapted 0 du:gMcdk nm aadk the most 
efficient. Most cracking cataiysts consist of silica and alumina. A large "eat 
cracker” may produce 1,000,000 gallons of gasoline and 250,000 gallons of 
fuel oil per day by circulating a boxcar of catalyst per minute. Its regenerator 
18 large enough to contain an eight-room house. Valuable hydrocarbon gases 
are produced as side products, normally having a composition approximately 
as given in Table 2.6, 


TABLE 2.6. HYDROCARBON GASES PRODUCED BT PYROLYSIS 



Thermal 

Catalytic 


Method 

Method 


(%) 

(%) 

Hydrogen. 

. 4.7 

29.6 

Methane. 

. 32.7 

18.0 

Ethane. 

. 21.6 

8.0 

Ethylene. 

. 2.0 

4.0 

Propane.. 

. 17,2 

15.0 

Propene. 

. 7.4 

8.0 

n-Butane. 

. 4.4 

3.0 

Isobutane. 

. 2.0 

7.5 

Isobutene. 

. 3.7 

5.2 

Cg plus. 

. 2.5 

0.0 


The gases listed in the table are used extensively for chemical synthesis. 
Later, when the industrial preparations of alcohols, artificial rubber, acids, 
etc., are discussed, reference will be made to the cracking process as a source 
of the starting materials. 

Polymerization: 

Small hydrocarbon molecules are combined to form larger ones in the 
gasoline and fuel-oil molecular weight range. (A detailed definition of poly¬ 
merization is given in Section 3.4.) 

Alkylation: 

In the petVoIeum industry this term refers to the combination of unsat¬ 
urated and saturated hydrocarbons to form fuel oil and alkylate gasoline. 
Sulfuric acid or hydrogen fluoride is often the catalyst. 

Hydrogenations: 

1. Fischer-Tropsch process 

CHi CO liquid fuel + oxygenated compounds 

This is a German process developed by Fischer and Tropsch to produce low- 
grade fuels. The Americans have modified the process (with the Hydracol 
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"^'Sifnihd procems) to produce 80-octane gasoline at about 7 cents a 
lallon at the plant. The oxidation products are low-molecular-weight alcohols, 
aldehydes, ketones, and acids. 

2. Bergius process’ 

H* 

1800“ C.; Coal + H|0 -f Oj —»CO —»liquid fuel (the German process) 
450“ C.; Coal -f- Hj —* liquid fuel (American modification) 

From one ton of coai, about three gallons of liquid fuel plus oxidation 
products are obtained. The Germans produced a high-grade fuel by this 
method. This is not a process of the petroleum industry, but it is so closely 
related that it can be included here. 

.3. Destructive hydrogenation. The higher boiling fractions from petroleum, 
referred to as heavy crude bottoms, are first broken down and the fragments 
arc then hydrogenated over catalysts at high pressures to give liquid fuels. 
This process is not an economic success so far. 

Dehydrocyclizaiion: 

Known industrially as hydroforming or aromatization, dehydrocyclization 
is the conversion of aliphatic hydrocarbons to aromatic hydrocarbons. Hydro¬ 
carbons of octane numbers well above 100 are needed in large quantities as 
additives to gasoline to satisfy present-day high-compression engines. Most 
aromatic hydrocarbons in the gasoline boiling range have octane numbers 
above 100, Hydroforming consists of either (1) dehydrogenation of cyclo- 
hcxanes, (2) isomerization of cyclopentanes to cyclohexanes and dehydrogena¬ 
tion of these, or (.3) cyclization of alkanes to cycloalkanes and their subsequent 
dehydrogenation (cf. Section 8.1). Terms such as platforming, catforming 
and ultraforming merely refer to variations in conditions and catalysts 
employed for the process. 

Aromatization is used not only to produce aromatic hydrocarbons for 
high-octane gasoline but also for producing the basic aromatics, benzene, 
toluene, and xylene. As a result, almost half of all aromatic chemicals are 
now manufactured from petroleum and natural gas. 

Isomerization: 

In the petroleum and natural-gas industry, most isomerizations involve 
the conversion of normal hydrocarbons to branched-chain hydrocarbons. 

Dehydrogenation: 

Butane and butene are dehydrogenated to butadiene (for production of 
synthetic rubber), and cyclic hydrocarbons are dehydrogenated to aromatic 
hydrocarbons. 

' F. Bergius, German chemist, shared the Nobel Award in chemistry with C. Bosch in 
1031. 
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Sweetening (or deaulfuriiaiion): 

This is the term for the process by which the remaining sulfur compounds 
in fuels are removed and by which the foul-smelling sulfur compounds are 
converted to sweet-smelling ones. 

SloMizoUion: 

Stabilization is the adjustment of butane content of gasoline; low in sum¬ 
mer to prevent vapor locking of the motor and high in winter to promote 
easy engine starting. 

Sources of gasoline: The four sources of gasoline are petroleum, natural 
gas, coal, and shale rock. 

1. Petroleum 

a. Straight-run—10 per cent of total supply. 

b. Cracking process—50 per cent of total supply. 

c. Polymerization and alkylation—10 per cent of total supply. 

d. Hydrogenation of heavy oils. 

2. Natural gas 

a. Extracted by compression or by liquid extraction: called casing-head 
gasoline, it accounts for 10 per cent of total supply. 

b. By synthesis, such as the Synthol and Hydrocol processes. 

3. Coal 

By American modifications of the Bergius process. 

4. Shale rock 

Shale rock is a hard, slatelike rock which contains some partly decomposed 
organic matter called kerogen. When shale rock is heated to high temperatures, 
a viscous, unstable raw oil is liberated in amounts ranging from 5 to 90 
gallons of oil per ton of rock. The raw oil contains excessive amounts of sulfur, 
oxygen, and nitrogen, and it makes a good feed stock for making gasoline, 
diesel fuel, ammonia, and certain petrochemicals. The deposits of shale rock 
in the Colorado and Utah area can supply an estimated 300 billion barrels 
of liquid fuel. Scotland has used shale as a source of fuel on a very low scale 
for many years. Sweden has a large deposit of shale from which she produces 
fuel oil, kerosene, and sulfur. Sweden’s fishing fleet is largely powered by 
diesel oil made from shale rock. 

g. Petrochemicals industry. Before World War II, the coal-tar, the petro¬ 
leum, and the natural-gas industries were quite separate from one another, 
each providing its own line of chemicals. In brief, natural gas supplied gaseous 
fuel, low-molecular-weight organic chemicals and carbon black; petroleum 
supplied liquid fuel, aliphatic organic chemicals, and asphalts; coal provided 
solid fuel, aromatic chemicals, and illuminating gas. Now natural gas and 
coal can supply liquid fuel in competition with petroleum; petroleum is sup¬ 
plying aromatic hydrocarbons, like benzene and toluene, to supplement the 
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Fig. 1.22. Humbi»rs and arrow* lo tndkeH two 10>olom cholni In itrvcture I. 

chains. In thUi case, the horizontal chain is chosen, for then the Upright 
branch from Ci is a simple n-butyl group. 

After the main chain is selected, the carbon atoms are numbered for 
reference purposes. One may start at either end of the chain, but it is conven¬ 
tional to start at the end nearest the sulwtituents, for then the prefix numbers 
which indicate the positions of substituents will be the smaller. 

Now, the four initial points of the Geneva system esn be followed: ( 1 ) The 
body of the name will be d«ca, based on the tact that there arc 10 carbon 
atoms in the main chain. ( 2 ) The sutfix is -one, since all the carbon atoms in 
the main chain form caly single bonds. This gives us decane, so far. (3) The 
prefix, indicating the types and positions of substituents, will be more exten¬ 
sive. One goes along the chain from the number 1 carhnn atcni lu iiie number 
10 carbon atom, namin« , 4 . aps wiiich have been substituted for 

a carbon atom need not bt; mentioned unless something has been 
substituted for hydrogen on that carbon atom. Structure I may be rewritten 
as Ib, in which the carbon atoms of the main chain have been numbered. 

CH, 

1 

CH, 

CH, in, 

H,C-CH in, CH, 

H,‘G—»CH,—‘CCl,—«C-‘in- -*0 ^CH—•CHi—•CH, “CH, 

i(CH,), Br il 

Ib 


“For indexing purpoeee, the eubatituente are BometiroeB listed in alphabetical order 
imspective of position. 
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10. Give the names and formulas of the chief components of the following: marsh 
gas, petroleum ether, ligroin, natural gas, and kerosene. 

11 . In a sentence or by an equation, cite a contribution made to organic cbenustry 
by the following persons: G. N. Lewis, V. Grignard, Wurtz, Bergius, and Paneth. 

12 . The refractive indexes at 20® of n-hexane, n-hcptane, and n-octane are approxi¬ 
mately 1.37, 1.38, and 1.39, respectively. What would you expect the index of re¬ 
fraction of n-decane to be, and what principle do you use in making such an estimation? 

13. Write equations for the preparation of n-butane from (a) n^butyl chloride, 
(b) ethyl bromide, (c) 1 -butene, (d) CHaCH 2 COiNa, (e) scc-butyl bromide. 

14. Give the structural formulas for the products of the following reactions, and 
list the products in order of increasing boiling points: 

(a) f-butyl bromide plus sodium metal, 

(b) electrolysis of (CHa) 2 CH—CHa—CO 2 K, 

(c) n-octyl bromide plus magnesium, then water. 

15. Under which set of conditions would you expect the higher proportion of 
monobromination products: 

(a) slow addition of 160 g of bromine to 100 g of n-pentane; 

(b) slow addition of 100 g of n-pentane to 160 g of bromine. 

TEST QUESTIONS, Set 2 

1 . Describe in detail the procedure and apparatus you would use to remove im¬ 
purities of hydrogen chloride and water vapor from a sample of methane gas. 

2 . Gan homologs be isomers? Why, or why not? 

3. Show by equations how the following paraffins could be synthesized: (a) 2,2- 
dimethylheptane, (b) 3,4-dimethylhexane, (c) 2,2,5,5-tetramethylhexane. 

4. Prepare n-decane from an organic carboxylic acid. 

5. Write the structural formulas and names of the isomeric heptanes. 

6 . Show by equations the series of reactions by which ethane could be converted 
into n-butane industrially. 

7. Which of the following formulas might designate members of the paraffin series: 
CsH?, C 1 H 12 , CiHe, C 4 H 0 , CioH 22 , CiiHn? Change the subscripts for H so that all 
represent paraffins. 

8 . If 10 g of propane were burned in contact with 30 liters of gaseous oxygen, 
both STP, how much propane or oxygen would remain unreacted? What weight of 
water would be produced? 

9. What volume of 2 ,3-dimethylbutane, measured at 136.5® and 0.8 atmospheric 
pressure could be prepared from 12.3 g of the proper alkyl bromide by the Wurtz 
reaction? 

10 . What would be the normality of hydrobromic acid if the HBr from the bromina- 
tion of isopentane with 80 g of liquid bromine were collected in 225 ml of water? 

11. Which alkane has a molecular weight of 86 and will form (a) two monobromo 
derivatives, (b) three monobromo derivatives, (c) four monobromo derivatives? How 
many dibromo derivatives will each form? 

12 . The densities of some normal alkanes are as follows: 


pentane 

0.626 

hexane 

0.659 

heptane 

0.684 

nonane 

0.718 

undecane (CuHm) 

0.740 
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out Btnight, but in Ic it vm bent upward. Notice that if the *0—*0 carbon* 
carbon bond in Id were to rotate 120", it would swing the carbon 

chiun upward and bring the "C —'*(!' branch level with the 'C —*C chain, as 
the molecule appears in Ic. Because of the ease of rotation, this may happen 
so that two samples of the material cannot be obtained in which all the 
molecules in one sample would have conhguratiou Ic and all molecules in the 
other sample would have contiguration Id. The ease at wliich one configura¬ 
tion passes into the other prevents the isolation of a sample in which all 
molecules have only one configuration. Actually, molecules do not assume 
all possible configurations but only those that are the most stable. 

Because of such rotation, one must get accustomed to seeing the same 
group twisted in one of several possible configurations. For example, the fol¬ 
lowing configurations may be given for 3-isopropyl-4-»cc-butylheptane, and 
they differ merely by rotations about variou.s C— C bonds. To avoid con¬ 
fusion, only the carbon skeletons are .shown, and the same seven-atom chain 
is in bold face in each structure for the student’s orientation. 

c c C 

I i I 

c—c c—c C 

I 1 ! 

C-_C-C-C-C—C--C C-C-C-C-C C-C-C-C-C-C-C 

I I I ; 

0 —‘C —C C'““^ 0"“^ 

I I II 

c c c c—c 

I 

c 

C-C 

I 

C C 0--C 

I I 1 

C—C—C—c 

I I 

C—C C 

I 

C 

Many others could be given. The point to be emphasized is that organic 
molecules, in the liquid or gaseous states or in solution, arc twisting about 
li^ this continuously. This is particularly true for long-chain molecules. 

One additional point about nomenclature can be mentioned. In a strict 
sense, any organic compound can be considered as a derivative of methane 
where various groups have been substituted for one or more of the methane 
hydrogens. Thus, (CH*)t(TI—CHr-CHi may be called dimethylethylmeth- 
ane, or isopropylmethylmethane, or isobutylmethane, where first the third 
from right, then the second from right, then the right-mid carbon atom is 


C—C 


c 



c—c c 


c c 
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CH, CH. — 

H,C-C-CHr-CHr-<^H-CHlf 

/I \ T. \ 

neo CH» Becondiary tertiary 


primary 


The butyl Rroupe may now be disciMsed; they are m followe; 


CHr-CH,~-CH- 


n-Butyl group 

Secondary-butyl group 
(««:,-l)utyl or «-butyl) 


CH" CHr 


CH, 

HiO-d)-- 


Iiiubutyl group 
(i-butyl) 


Tertinry-butyl group 
(/icrt.-butyl or t-bulyl) 


It can be olmervwl that there are two type# of carlton Nkeletomi liere, For 
the atraight chain of carbon atfinw, there are two different butyl groups. The 
name «er-butyl is utied to indicate that the straight chain ia to be attached 
by one of the secondary carlMii atoms, either one giving rise to the same 
butyl group, '('bus, the two secondary carbon atoms in n-butane are ei(]uivalent 
and a hydrogen atom rentovod from cither otic produces the same sso-butyi 

group; i.e, --- (’ll,- (:IJ, is identical to Cfl,- ( H, but 

tlie two are oriented differently in space, 'I'tie two models can be turned 
around in space to oampy identical volumes, or in different words, they 
would tit tlie same mold. This is referred to as being apaUally uienlieal. At 
the same time, because of free rotation, the scc-butyl group may haves«(othsr 
conformation such as 

CH, 

t:iu in, 

\ / 

CH 


where the ethyl group has rotated about the hood. The Mi" 

and-siick models of tbe corresporiding n-butona molseuiai are showp In 
Figure l 

1 *he sebeme of naming a secondary hydiOMriton group cap My bf iMwd 
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atom is quadricovalent instead of bicovalent and that the four bonds are 
equivalent. It is also possible for the 2« and two of the 2p orbitals of carbon 
to merge to form three «p’ hybrid orbitals, as described for boron in Section 
1.1. This still leaves a 2p orbital about carbon, containing an unpaired elec¬ 
tron. This approximates the situation for carbon in carbon-carbon double 
bonds. Since three sp’ orbitals are coplanar and form 120° bond angles, the 
three atoms attached to such a carbon atom lie in the same plane as the 
carbon atom. In ethylene, each carbon atom is coplanar with the attached 
hydrogen atoms and also coplanar with each other; hence, all six atoms lie 
in the same plane. At each carbon atom there is a p atomic orbital perpendicu¬ 
lar to the plane of the molecule and containing an unpaired electron, indicated 
by the propeller-shaped loop (Figure 3.1). A more stable system results by 



Fig. 3,1. 




the two p atomic orbitals coalescing to form a molecular orbital which en¬ 
compasses both carbon nuclei. The resulting molecular orbital resembles two 
sausages above and below the plane of the molecule (Figure 3.2). Such an 

orbital is called a pi (ir) orbital, the 
electrons involved are called pi elec¬ 
trons, and the bond is a pi bond. 

The p atomic orbitals at two ad¬ 
jacent atoms will overlap most when 
they are parallel to each other, but 
since the overlap is less than that of 
the sp*—sp’ orbitals for the first 
C—C bond (called a ngma (o) 
bond), the r bond is not as strong 
as the sigma bond. For instance, the 
energy of the «r C—C bond is about 80 kcal, whereas that of the t bond is 
about 65 kcal. The w electrons are held less firmly than tr electrons and can 
more easily be polarized (that is, attracted to either end of the molecular 
orbital by an external charge) than tr electrons, so the r electrons are com¬ 
monly referred to as mobile electrons, rtdiereas the o electrons are said to be 
locdited. 




vitw 


Fig. 3.2. Shape of the pi erbltab in 
ethylene. 
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3.1 NOMENCUTURE 

The only new aspect of the Geneva system to be learned for naming alkenes 
concerns the suffix for indicating the class of compound. The position of the 
functional group is indicated by a number which may either precede or follow 
the name. In this country, the common practice is to have the number just 
precede the body of the name. The class ending for the alkenes is -ene. For 
example, a four-carbon chain with the double bond after the first carbon 
atom is called 1-butene, C“C—C—C, and a six-carbon chain with the double 
bond after the third carbon is called 3-hexene, C—C—C“=C—C—C. The 
numbering of carbon atoms normally starts at the end nearest the double 
bond. 

The other three basic points of nomenclature concerning the number of 
carbon atoms in the main chain, and the naming of substituents and branch 
chains, are the same as was illustrated for alkanes. For practice, the structure 
of the compound 4-hydroxy-4-chloromethyl-5-8ec-butyl-5-(a-methyl-|3,i8-di- 
bromopropyl)-6-f-butyl-7-i8opropyl-2-nonene is worked out below. 

Steps 1 and 2: From the portion 2-nonene, write down nine carbons in a row 
with a double bond following the second; C—C=C—C—C—C—C—C—C. 

Steps 3 and 4 .' Now, the substituents are attached to the respective carbons. 
Observe that point 4 is invoked to take care of the substituted branch at C». 
After the covalence of each carbon is brought to 4 by attaching the required 
number of hydrogen atoms, the resulting structural formula is 

CH, 



^H, 

1 

H,C-( 

I;h 

Cl-CH, 

C(CH,), 

€H=CH i-( 

}-in CH CHr-CH, 

1 1 

1 

OH ( 

:h-ch, ch-ch, 

1 1 

( 

:Br, CH, 

1 

< 

u 


As has been stated before, the first few members of the various classes of 
compounds frequently have trivial names which are more common than the 
I.U.C. names. So it is with alkenes; the first three^ have common names as 
given in Table 3.1. 

^ The pentenea were formerly called amylenee, but the present trend is to employ the 
I.U.C, name to avoid ambiguity. 
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Simple alkyl halides react via the concerted mechanism (a), although certain 
cyclic compounds undergo dehydrohalogenation by the stepwise mecha¬ 
nism (b). 

f. Dehydration 0 / alcohols 



In each of these general equations the R’s may be alkyl groups or hydrogen 
atoms. The symbol R is used to make the equations very general. For illus¬ 
tration of a specific example, a preparation of 2-methyl-2-butene would be 
as follows; 


CH, CH, 

CHr-CH—CH—CH, -t- HjSOi ^ CH,—CH-=C—CH, -t- H,0 • HJSO, 


OH 

As in the dehydrohalagenation, the H and OH may be split out in two differ¬ 
ent directions with the formation of two products, CH 2 =CH—CH(CH|)* 
and CHj—CH=C(CHj) 2 , but the major product is in accordance with 
Saytzeff’s rule. 

In dehydration with sulfuric acid, an intermediate alkyl hydrogen sulfate 
may be formed which can be isolated if desired. 

R 2 CH—CR 2 OH + HOSOiH RaCH—CRjOSOjH + HOH 

An alkyl 
hydrogen sulfate 


Observe that in an alkyl hydrogen sulfate, there is a C—O—S bond, whereas 
in an alkylsulfonic acid there is a C—S bond. 
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Alkyl hydrogen sulfates are syrupy liquids like sulfuric acid. When they are 
heated to temperatures above 150°, they decompose with the loss of HOSOiH 
to produce an alkene. 


RiC—CRi 


!#*• 


k 


OSO,H 


R R 

r/ \ 


+ HOSOJI 


Normally the alkyl hydrogen sulfate is not isolated, and during its formation 
from the alcohol, some of it will react with the alcohol to produce an ether. 
Instead of the OSOiH portion of the alkyl hydrogen sulfate stripping an 
H atom from within the molecule, as it does when forming the alkene, it 
will take the H atom from the OH group of an alcohol molecule, and at a 
lower temperature; 


E*CH-CR* + RiCH-CR, 


135 * 


k 


r- 


t 


SOiH 


R,CH-CR, 

\ + HOSOJi 


RiCH 




or, with simpler formulas, R—OSOjH + R'OH —* R—0—R' + HOSOiH. 
Therefore, some ether and some alkene are obtained in the reaction. If the 
ether is desired, the reaction is run at a lower temperature and with the use 
of excess alcohol; if the alkene is desired, the reaction is carried out at the 
higher temperature. In either case, the main product is contaminated with 
the other product and the impurity must be removed by some method of 
purification. 

It can already be seen that organic reactions are complex, with many side 
products being formed. The dehydration of alcohols is a good example of how 
the course of an organic reaction can be directed by controlling the conditions. 
If ethyl alcohol is allowed to react with an excess of sulfuric acid at moderate 
temperatures, ethyl hydrogen sulfate is formed; 

CjHjOH + HOSO,H C,H,OSO,H + HOH 

If the ethyl hydrogen sulfate is heated in the presence of more alcohol to 
slightly higher temperatures, ethyl ether is produced; 

C JI,OSO,H + CaHiOH —♦ (C.H,)^ + HOSO,H 

A 

If the CjHiOH—H ^04 reaction mixture is heated to the point where ethyl 
hydrogen sulfate decomposes, about 165”, ethylene is formed; 

CiHiOSOiH CH,—CHi + HOSO 

A 
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The eide view of n>butane reveals the Z'shaped conhKuration of the carbon 
chain in the Irons confomier, and it can be understood why a saturated 
hydrocarbon carbon chain has a zig-zag shape. 


H H H H 

\ / \ / 

C C 

/\ /\ 

\ / \ / \ / 

c A) it; 

/ \ X N / \. 

II H H 11 H H 


In this conformation, each t'Hj group is trans across the C- A' htjud to give 
the least amount of repulsion lietwecn neighboring groups, 


STUDY mKOSES 

1. Writi* till' iUriK'tural formuliiK for (a) the firat U-n normal iilkunis; utid (bj ihc 
-Tiethyl, ethyl, n-piopyl, isdpriipyl, n-butyl, nrf-hulyl, nfc-hutyl, and tim n-<lrcyl 
groups. 

2. Write graphic formultwn for the following compounds: 

(al ‘i-mcthyl-d-tHliyllu'ximc 

(b) 3.3,4-triini'tliylliO|)tun(‘ 

(c) ■(•iHnpropyl-O-mcthylnonane 

(d) 3-f<rr|.butyl-4*ji«c-butyl-5-n-butyl-6-i:hh)rom(!lhyldct!anc. 

3. Name the tollowing cornpouttdH: 

(al (CH,hCH ■ t;H(C,lh)' (’Hr CHr- €11,-CH, 

(b) CU, CH, (’(CH,), CIKCH,) Clli (’ll, CH, 

(<!) CHr -CH,.CHr-C:H(CH,(’l) CH, -CMI, 

4. (live an example of chain, position, functional, geometric, and optical isoracri. 
6. Pick out the primary, SBCondary and tertiary oarboim in the molecules of 

Problem 2. 


TEST QUESTIONS, Sel I 

1. Give three names for the compoimd 

H,C CH-CHr-€H, CHi 

I 

CH, 

2. (five the graphic formulas and names for the isomers liaving the molecular 
formula C'tHuBr (H poMihle), 

9. Give the structural formulas and names for tipi isomers having tlm inoleewiar 
formula CiHwBri (21 pcHMible). 

4, What are the itruotura) formulas for neopentane and the neofientyl gronp? 

5. Which formulae in Uw following list represent Identical molecules; 
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regarded aa the methane carbon atom. This scheme can be \iBed for simple 
molecules without any difficulty, although sometimes it is illogicaL It is often 
absurd for complex molecules 

When a comiK>und is named as a derivative of an actual substance, the 
name is written as one word, with hyphens used to sepaiale numbers or just 
for claJ'ity, Thue, propane is a definite compound, and names of its derivatives 
are UTitten as one word, as for example, l-chloropiopane or 2-hydroxy propane. 
On the other hand, chloride and alcohol are not the uaiuess of actual com¬ 
pounds but of two cliifc^ses of compounds. HeneC; 77 -propyl chloride or iso- 
proj)yl alcohol (for the t\^a oonipounds just mentioned) are each u^itten as 
two words 

This section tias covered ihe basic* ix)iid.s of the Geneva sy.stejn. There 
are several adrlitional rules to be b^anied which take care (A tiio various classes 
of open-clmin and eyclic structures, 'fhese rules ivili l>c iucor}x>rated into the 
system as lunx’ classes of compounds are encountered. 

it IS Tu>t( wortliy that the Gerievii system is coatimially being re^ ised in order to 
take cure of iiew, complex organic molecules. In recent, years chemists have U*en 
trying to develop systems for the codification of organic aubstaneos. Particularly for 
card indexing, a system of linear notation is .sought whiili would provide a unique 
code name or line formula for each compound and which would reveal as much in¬ 
formation as [Kisjsible about the compound. Srweral systems hitvo been devist^d, and 
for examples, the code names of two compounds by four of these systems arc as follows: 


Common Name 

Dyson 

Gruber 

Silk 

Wimvesser 

Isopropyl alcohol 

C,.Q,2 

C3.20H 

CQC 

QV 

Benzoic acid 

B6.CX 

(6)CX 

B.X 

QVK 


These systems are receiving critical evaluution by international committees with 
respect to spiked of coding and decoding names, simplicity, ability to handle all types 
of structures, and other peilinent points. 

1.6 ISOMERISM 

As defined in Section 1.1, isomers (Gr., isos, the same, and meroSj parts) 
are substances having the same molecular formula but different molecular 
structures. Isomerization is the process of going from one isomer to another, 
and isomerism is the phenomenon that isomers exist. Several forms of isom¬ 
erism are possible and these are outlined in Table 1.8.^^ 

TABLE I.B. OUTLINE OP TYPES OF ISOMERS 

A. Striictural homers B. Stereoisomers 

1. Chain 1. Geometric 

2. Position 2. Optical 

3. Functional 

** It Will be seen later that certain types of isomers which still fall under this general 
classification are denoted by special names such as tautomers, epimers, anomere, and 
conformera. 
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cannot b« collected in separate vessels because of the ‘‘spontaneous’' trana- 
formation of either form into the other by easy rotation about the G—C 
single bond. 

Some 1,2-di8ub8titutec! etbsnw# havt- trivia! names based on a ss stem of ijoniencla> 
tore U9(<d Wore the adoption of the Geneva system. Tims. 1,2-iii<;hloro<!tnane, is railed 
etkykne chlonde. The name may be eonfusiup because tlse eompouM doc* not possess 
u C'^-C bond as suggested by the name ending, -cue. On the othei hand, l,2-<iichlow>- 
cthy iene. d'tcs ha\ e a G-< boa<i. The names of the twv") types of com- 

pou' ds difler in tlu’ fact »h;Lt substituted cthylenes (('=«C compounds) haw the naities 
of the Eatistitueiit? prrre,|iuv; und attaeheil to the word eihylent while l,2<luiubstituted 
ctluMies have names of sulsstituents to follow the word etAj/fcnc. Several other common 
l,2-di8ubBtituted ethanes are 


Ethylene brotnide 
Ethylene g'yxil 
Ethylene chlorohydrin 
Ethylene cyanohydrin 
Ethylene oxide 


Br CH,CH,-Br 
HO CH.CHr-<)H 
Cl -CH^"Hr -OH 
I10--CH,CHr-CN 
CH,- CH, 

\ /' 

0 


The second form of stereoisomerism ariatis when there is no plane of sym¬ 
metry in a molecule. For example, the tetrahedral model of tluorochloro- 
bromomethanc would look like Figure 1.25 (some attention being given to 
relative sizes of atoms). Observe that an iniaginary plane, about which one 
side would lx‘ a mirror image of the other side, cannot be pa.saed through the 
molecule, whereas this is possible for iluorochloromethane (Figure 1.26). 




Fig. 1.26. Plane of 
symmetry passes 
through the Cl—C—F 
axb. 


The most common organic molecules lacking a plane of symmetry are 
titose in which at least 1 carbon atom has 4 different atoms or groups attached 
to it. Whenever this is the case, there will be two alternative arrangements 
of the groups about the carbon atom, such that the two resulting molecules 
are pirror ima^ of each otiier. That is, when either molecule is placed before 
a minor, its reflection is identical to the other isomer (Figure 1.27). 
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CH, CH, 

W 

h/ \ 

ct 0 - 2 -Butene 


CH, H 

\ / 

c—c 

/ \ 

H CH, 

tranA-2-Butene 


Boiling point. +3.73® +0.3“ 

Melting point. ^139.3“ —105,8“ 


Similarly, geometric isomers may have spectra (cf. Figure 3.3) that resemble 
each other over most of the range but are different in certain regions. Usually, 
cis isomers are characterized by an infrared band in the 680-72,') cm~* range 
and Irans isomers have a band in the 960-990 cm“‘ region. 



IMovc Number (cm~') 

Fig. 3.3. Infrared ipectra of cis- and irons-1,2-di-f-butylethylene. 


Always one isomer is more stable than the other, although the difference may 
be small, and normally a sample of an alkene will consist of a mixture of the 
two with one in predominance. This is of little concern for moat purposes, 
but occasionally the pure isomers will be desired and are obtained by frac¬ 
tionation or a selective synthesis. 
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3,4 CHEMICAL PROPERTIES 

There are four common broad types of reactions in organic chemistry from 
which standpoint the alkanes and alkenes may be compared; 

Type of Reaction Alkane Alkene 

Reduction Does not occur Readily by catalytic 

hydrogenation 

Oxidation Extremely difficult Very easy 

Substitution Main type of reaction Negligible 

Addition Does not occur Occurs readily 

The chemical properties of alkenes will now be discussed on the basis of these 
four types of reactions; 

1, Reduction. It is frequently convenient to associate the relative state of 
oxidation of a compound with the quantity of combined oxygen or the state 
of reduction with the quantity of combined hydrogen. The H/C ratio in 
methane is the highest; hence, carbon is regarded as being at its highest state 
of reduction or lowest state of oxidation in methane. In any other alkane, 
CnHin+i, the H/C ratio is the highest for the corresponding number of carbon 
atoms, and therefore, the average state of reduction of all the carbons in the 
compound is the highest. No further reduction can occur unless the compound 
undergoes fission. In an alkene whose empirical formula is CnHjn, however, 
the H/C ratio is lower than in an alkane and one can expect the alkene to be 
reducible with hydrogen in the presence of a catalyst. Essentially, all reac¬ 
tions involving hydrogen require a catalyst, and three common catalysts are 
platinum, palladium, and nickel. The general equation for the hydrogenation 
of an alkene may be written 

C,Hin + Hj CnHin+l 


On the other hand, this reaction may be conveniently carried out in the 
laboratory by the use of sodium borohydride; 


R,C=CR 


1. N»BH4’BFi 
r'CtHtCOOH 


RiC—CRi 


ti H 


Good yields are obtained and no special apparatus is required. 

2. Oxidation. It was stated in Section 2.7 that alkanes are inert toward 
the strong oxidizing agent, potassium permanganate. For practical purposes, 
then, they are not oxidized chemically. In contrast to this, alkenes are oxi¬ 
dized very easily. A very dilute aqueous solution of KMn 04 is quickly re¬ 
duced, wherein the pink solution is decolorized or a brown precipitate is 
formed, depending upon the pH. This reaction, known as Baeyer’a teat for 
uneaturalion, is used to distinguish saturated from unsaturated hydrocarbons 
in the absence of other easily oxidizable substances. 
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The oxidation or reduction of an organic compound requires one important 
consideration that is not given to ionic substances. When the oxidation or 
reduction of an inorganic substance is planned, one merely chooses a reagent 
that has the required potential. But, in the oxidation or reduction of organic 
substances, the mechanism of reaction is a major factor in determining 
whether or not a given reagent may be used. For example, Zn + HCUbo. 
will reduce ketones (RiC=0) all the way down to the corresponding hydro¬ 
carbons (RjCH:), but LiAlH 4 only reduces a ketone to the alcohol (RjCHOH) 
which is a higher oxidation state than a hydrocarbon, as shown by the pres¬ 
ence of oxygen. This comparison would suggest that Zn -|- HCl is the stronger 
reducing agent. On the other hand, LiAlH 4 will reduce carboxylic acids 
(RCOOH) to the corresponding alcohols (RCHjOH), whereas Zn -1- HCl will 
not reduce the carboxylic acids, which implies the opposite relative reducing 
powers of these two reagents. 

Consequently there are specific oxidizing and reducing agents to be used 
for most redox reactions in organic chemistry. There is no general rule for 
predicting which reagents may be used, and only by experiment have organic 
chemists learned these reagents. For most oxidations or reductions of the 
various classes of compounds, the student will be told one or two reagents 
that may be used and these will have to be remembered. 

During most oxidations of organic compounds, either a C—C or a C—H 
bond is broken, and the bond to carbon is replaced by an OH group. For 
example, when an alkene is oxidized under certain conditions, the first change 
to occur is the cleavage of one of the bonds of the olefin group with replace¬ 
ment by OH groups on the two carbon atoms. 

R R R R 

\ mild Olid. — 1, 1, T. 

C“C > R—C-C—R 

/ \ II 

R R OH OH 

Alkene 1,2-Glycol 

Two agents that will do this generally are hydrogen peroxide in glacial acetic 
acid (pure acetic acid) and dilute potassium permanganate in aqueous sodium 
carbonate. The oxidizing power of potassium permanganate is greatly re¬ 
duced in near-neutral solutions; hence, the reaction is performed in aqueous 
sodium carbonate to maintain a mildly basic medium. A glycol is a compound 
containing two OH groups, and when the two OH groups are on adjacent 
carbon atoms, the compound is a 1,2-glycol. As a single statement then, it 
can be said that the mild oxidation of an alkene with either hydrogen peroxide 
in glacial acetic acid or with potassium permanganate in aqueous sodium car¬ 
bonate yields a 1,2-glycol. In fact, this mild oxidation of alkenes is one general 
method of preparing 1,2-glycols. Under controlled conditions, the intermediate 
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0 

qwxy compound, R|C—^CRi, can be isolated. The most important of such 

0 

compounds is ethylene oxide, CHj-CHj, which is discussed with the ali¬ 

phatic ethers (see Section 11.6). 

Oxidation of aikenes with other oxidizing agents yields a variety of produc ts, 
depending upon what reagent is used (page 487). The oxidation products in¬ 
clude aldehydes, ketones, and carboxylic acids,' this is discussed in Section 
10.7. 

3. Subaiirition. A substitution reaction is one in which some new atom or 
group replaces an atom or group already a part of a molecule. Practically all 
chemical reactions of the alkanes, except dehydrogenation, are substitution 
reactions where one or more hydrogen atoms are replaced, e.g., R—H -|- 
X-X->R-X-|-HX. 


4. Addition. An addition reaction is one in which two molecules react to 
yield a single product. There is a complete union of the two molecules. Aikenes 
do this easily because many reactants will add to the two carbon atoms joined 
by the double bond. 


R 


R 


R R 


\ / 

C=C -I- A—B R—C—C—R 

/ \ II 

R R A B 


Addition reactions are much faster than substitution reactions; aikenes, there¬ 
fore, undergo addition reactions rather than substitution reactions. 

All compounds containing multiple bonds readily undergo addition reac¬ 
tions. One way of explaining the greater reactivity of multiple bonds is to say 
that an atom forming a multiple bond has not used up all its combining power, 
and because of its tendency to use all its valence, it readily breaks the multi¬ 
ple bond to form all single bonds. Another way of accounting for the reactivity 
of multiple bonds will be given in Section 5.3 in terms of “bond strain.” 
A more modern explanation is based on the mechanism of reactions, as illus¬ 
trated below for the addition of halogens, in which, because of the basicity 
of the alkene, it forms an intermediate with electron-pair acceptors, and the 
intermediate undergoes a change to yield the addition product. 


a. Halogens. A very common addition reaction of aikenes is their addi¬ 
tion of halogens. 

R R R R 

-|- Xj —► R^—C—(!)—R 

/ \ I 

R R X 
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In practice; the reaction is limited to CU and Bti, since fluorine reacts too 
violently for control and iodine does not generally yield stable l,2^iiodo 
derivatives. 1,2-Diiodo compounds usually decompose into iodine and an 
olefln. For example, 1,2-diiodoethane slowly dissociates into ethylene and 
iodine upon standing in the open. The reaction is reversible, the equilibrium 
constant having a value of 28 at 30° and 129 at 50° C. 

The most simple picture of this reaction would be the simultaneous addition 
of the two halogen atoms from a single halogen molecule to add onto the ad-, 
jacent olehnic carbon atoms. P"rom several experimental facts it appears that 
this is not the mechanism of the reaction. Instead, a stepwise reaction occurs 
with a polarized halogen molecule to produce a positively charged inter¬ 
mediate. 


R R 

\ / 

C 

|: +:X :X;; 

c •• • 

/ \ 

R R 


R 

_ R—(j—X ■ 

::X:-1- I or 
R—C+ 

I 

R 


R R 

V 

\..+ 
X: 

/ 

C 

/ \ 

R R 


The structure of the. organic intermediate is not known conclusively. Next, a 
halide anion reacts with this complex, approaching from the rear to yield the 
addition product (see Section 5.4); 


R 

I 

R—C—X 



X- X—C—R 

/ \ I 

R R R 

It is known that the halogen must be polarized (or dissociated), because pure 
ethylene in a waxed container, i.e., nonpolar environment, does not add bro¬ 
mine. Thus, the walls of ordinary glassware or catalytic impurities polarize 
halogen molecules to initiate reaction. Moreover, the halide ion reacting in 
the second step is not the same one released in the first step, because when 
bromine is reacted with an alkene in a solution containing anions, some of the 
addition product will be found to contain the anion. For example, bromination 
of ethylene in aqueous sodium chloride yields bromochloroethane plus 
dibromoethane. 

At high temperatures substitution rather than addition may occur. This is 
due to the formation of halogen atoms, which are highly reactive. Reaction 
takes place by a free radical mechanism instead of a polar mechanism. 

Halogenation is a simple reaction to perform and provides another method 
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for a qualitative test for unsaturation. Saturated hydrocarbons react with 
halogens, but very slowly in the absence of a catalyst. Furthermore, when 
alkanes do react, they do so by substitution, which liberates HX. Conse¬ 
quently, if a sample rapidly decolorizes a dilute solution of bromine, it must 
^ unsaturated; as a check, it must do so without the evolution of HBr. 
A slow reaction with the evolution of HBr is an indication of a saturated 
hydrocarbon, or at least of a substitution reaction. The reaction may also 
be used to determine the amount of an olehn in a mixture of hydrocarbons 
by titrating the mixture with a standardized solution of halogen. For exam¬ 
ple, this technique is used for fat analyses (cf. Section A-4). 


b. Polar compounds. Many polar molecules readily add to alkenes. For 
hydrogen halides, the equation is as follows; 

R R R X 

\ / > J, 

C-C + H-X ^ R-C-C-R HI > HBr > HCl 

/ \ II 

R R HR 


It is immediately apparent that when the two olefinic carbon atoms are not 
identically substituted, then there is a possibility for two products to result. 
An example is the addition of HCl to propene: 



After examining many such reactions, MarkownikoiT (Markovnikov) noticed 
that usually one product predominates. He therefore proposed an empirical 
rule, now known by his name, which states in effect, when an unsymmetrieal 
molecule adds to an alkene, the negative portion of the addendum (the substance 
being added) wUl add to the olefinic carbon atom to which there are attached the 
fewest hydrogen atoms. Such additions are referred to as nomuU additions, 
whereas an addition in the opposite manner is an abnormal addition or an 
anti-Markownikoff addition. Thus, in the reaction between HCl and propene, 
isopropyl chloride is the normal product. 

The negative and positive portions of several common substances that add 
to alkenes with varying readiness are as follows: 



AIXENfS 


107 


H-OSOJI 
H-X 
X—OH 
H—OH 
H—R 

Observe that hypohalous acids, HOX, ionize in water as H+ and OX" but in 
their behavior toward organic molecules they react with a polarization as 
+X—OH". The addition of hydrocarbons, R—H, requires a strong acid 
catalyst and will be discussed in the sections on alkylation and polymerization. 

The additions proceed by an ionic mechanism. Again, the positive portion 
of a reagent attacks the alkene to produce a carbonium ion. 

R R R R 

\ / .. I I 

C—C +H:X:->R-C-C-R + :X-. 

/ - \ •• I + 

R R H 

The carbonium ion then reacts with the negative portion of the reagent to form 
the product. 

R R R R 

I I I I 

+ ; X: R__C—C-R (7) 

I + •• II 


When the alkene is unsymmetrical, the time-average position of the mobile 
electrons is not distributed equally between the two olefinic carbon atoms. 
The electronegativity of different atoms and groups varies, and this affects 
the degree of sharing of electrons in covalent bonds. As was explained in 
Section 1.2, because of differences in electronegativities, i.e., attraction for 
electrons within a molecule, the shared electrons of a covalent bond spend 
more of their time nearest the most electronegative atom. This increases the 
electron density about that atom and decreases it about the other atom to 
set up a bond dipole. 


1 + . 

I :C1: 


*+H 


»+H 


\ *- 
0 

/ 


Delta signs are frequently used to indicate fractional charges, although when 
they are omitted, it is realized that the charges are not unit charges. When 
several atoms form a group, the group has an average electronegativity itself, 
so relative electronegativities have been evaluated for various type groups 
as well as for atoms. 
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In addition to electronegativity, there are other electrical effects which con¬ 
tribute to the over-all electron-attracting power of atoms and groups. In the 
case of alkyl groups attached to multiple bonds (or attached to carbonium 
carbon atoms) the C—H hyperconjugation effect outweighs the electronega¬ 
tivity effect to give the CHj group the greatest over-all electron-releasing 
ability and the <-butyl group the least electron-releasing ability. The resultant 
electron-withdrawing power of some common atoms and groups, then, is in 
the order 

CH, < CHiCH, < CH(CH,): < C(CH,), < H < I < Br < Cl < F. 

It is seen that the alkyl groups have less electron-attracting power than a 
hydrogen atom, and therefore the more hydrogen atoms there are attached 
to an olefinic carbon atom in comparison to alkyl groups, the greater will be 
the pull on the mobile electrons toward that carbon atom. This gives an elec¬ 
tron distribution in propene, for example, as follows; 

CH, II 

\ i+i- / 

c-c 
/ “X 

H H 

A basis for Markownikoff’s rule is apparent. The olefinic carbon atom with 
the most hydrogen atoms attached has the greater electron density or nega¬ 
tive charge, and hence attracts the positive portion of the addendum molecule. 

It is to be noticed that this explanation of addition to alkenes is a refinement 
over Markownikoff’s rule. For illustration, in 2-pentene, 

CH,—CHr-CH=CH~-CH,, 

there is an equal number of H’s on the olefinic carbon atoms; hence, Markow- 
nikoff’s rule cannot apply. From the sequence above, however, it is seen that 
the CH] group is more electron-releasing than an ethyl group; consequently 
the 2-pentene molecule is polarized as 

CHr-CHt-CH=CH—CH, 

from which one could predict that the addition of HCl would give chiefly 
2-chloropentane, which is indeed the case. 

The peroxide ejSfect. Kharasch found that in the presence of oxygen or 
peroxides, HBr adds contrary to the Markownikoff rule. This abnormality is 
due to a difference in mechanism. A peroxide is a ready source of free radicals, 
and these react with HBr to liberate bromine atoms. 

R—0—0—R —► 2 [RO ■ ] 

[RO ] ■fH:Br:-►R0:H-|-[-Br:] 
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The bromine atom seeks an electron vigorously and reacts with that ethyl- 
enic carbon atom having the greatest electron density. 


R 

H' 


H 


‘c—c'^ 

' 'X 




H- 


H 


R H 

-U-H 

: Br: 


The other ethylenic carbon atom now reacts with a second HBr molecule to 
yield the product and liberate another bromine atom for perpetuating the 
reaction. 


R H R H 

H—C-C- H + HBr ^ H—C—C—H + 

Br H Br 

The reaction ceases when all the HBr has been used up. This peroxide effect 
occurs only to a small extent with HCl because of the greater energy required 
to oxidize a chloride ion to a chlorine atom. On the other hand, HI is immedi¬ 
ately oxidized to molecular iodine. 

c. Hydration. Water adds to the double bond in the presence of sulfuric 
acid according to Markownikoff’s rule: 

R H R H 

+ HOH R—i—C~R 

/ \ II 

R R OHH 

A convenient way to hydrate an alkene in an anti-Markownikoff direction is 
through the hydroboration reaction 

R-CH=«CH, ^‘^"-'^ ^'KRCHiCHO.B R-CHj-CH,OH 

This reaction is used often as a way of converting an alkene to an alcohol 
in a multistep synthesis. Furthermore, if the intermediate hydroboration 
product is heated for an hour or so in the refluxing diglyme solvent (dimethyl 
ether of diethyleneglycol) prior to oxidation with the hydrogen peroxide, 
isomerization will occur such that the boron becomes attached to the least 
hindered carbon atom. Oxidation would then result in an alcohol with the 
OH group attached to this carbon. For example, 

* H. C. Brown, H^robonUion, W. A., Benjamin, Inc., New York, 1962. 
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RKVCH-CH, Rrf3H-CH-CH, 

B 

/ \ 

R,CH-CHr-€H, 5?^' R,CH-CHr-CH,OH 

I 

B 

/ \ 

Thus, if it were desired to transform an alkene into a primary alcohol but 
the alkene is not a 1-alkene, this combined isomerization and hydration reac¬ 
tion would be useful. 

d. Alkylation. The addition of an alkane to an alkene is called alkylation. 
The general equation can be written 

R,C—CR, + R'H R,C—CR, acid cat. = H:S 04 , H,P 04 , 

I I HF, BXa, etc. 

HR' 

The action of Lewis acids, e.g., BXs, is promoted by a proton source such as 
an alcohol or water molecule. This reaction is an important process in the 
petroleum industry whereby alkylate gasoline is produced by the addition 


of isobutane to isobutene. 


(CH,),0=CH,^" (CH,),C-CH, 

(8) 

CH, 

CH, 

1 

+1 + 

(CH,),C-CH, -h C-CH,-> (CH,),C-CH,- 

-C-CH, (9) 

1 

1 

CH, 

CH, 

CH, CH, 


+ 1 1 
(CH,),C—CH,-C—CH, + H~C—CH, 


1 1 

CH, CH, 


CH, CH, 

CH, 

1 

1 1 

^ CH,-(>-CHz-t-CH, 

"I* C—CH, (10) 

1 1 

H CH, 

2,2,4-Triinethyl- 

pentane 

(isoocUne) 

in, 

Then, (9) and (10) are repeated. In reactions (8) and (9) the mode of addition 
is in the direction to give the most stable carbonium ion (cf. Section 10.6). 
Equation (10) consists of an abstraction of a hydride ion from the alkane 

molecule by a carbonium ion. 
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e. Polymerizatioa. We have seen in Equatinns (4)-(10) that a carbonium 
ion may 

1. lose a proton to form an alkene, 

2. rearrange to a different carbonium ion, 

3. combine with a negative ion or a basic molecule to form an alkyl halide, 
alcohol, etc., or 

4. abstract a hydride ion from an alkane molecule. 

When the basic molecule in 3. is an alkene, a larger carbonium ion is pro¬ 
duced, as in Equation (9). Repetition of this reaction leads to the formation 
of a large carbonium ion which, when it loses a proton to terminate chain 
propagation, becomes a multiple of the initial alkene. 


R R R 


n RjC=CHR-► 


i / I I \ 

► RsC=C+C—C+C 

\i \L. 

R H 


CR,—CRH, 


This process is called polymerizalion: the formation of a large molecule by 
the repeated addition of small molecules. The root of the word is from the 
Greek mcros, part; hence, monomer is one part, dimer, two parts or units, 
and polymer, many parts. For example, the gas ethylene polymerizes in the 
presence of a catalyst to produce a high-molecular-weight polymer, poly¬ 
ethylene, which is a tough, solid substance melting near 118®. It is used for 
making, among many other things, plastic containers for hydrofluoric acid. 

Polymerization proceeds by the addition of the chain to the monomer mole¬ 
cules rather than many small molecules (dimers, trimers, etc.) coupling to 
form the polymer. In other words, the chain is formed link by link. If a 
mixture of alkenes is used, then a heterogeneovis polymer is produced. Ac¬ 
tually, the reaction may be catalyzed by acids, bases, or free radicals. In 
peroxide or free radical catalyzed polymerization, the odd electron on the 
catalyst pairs up with one of the mobile electrons of the alkene to produce a 
carbon free radical. 


(RCO,), -♦ 2flCO,- 

Small quantity Acyl free 
of acyl peroxide radical 

RCOt ■ -*R- -b CO, 

Alkyl free 
radical 


R- + 


R R 

W ■ 

R^ \ 


R R 

R—C—C —R 

• I 

H 
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The latter free radical can now react with other free radicals, but since alkene 
molecules are present in concentration several hundredfold greater than the 
catalyst, reaction occurs with an alkene molecule to produce a dimer. 

RR R R RRRR 

II \ / I I I I 

S-C-C- + C-C ^fi-C-C-O-C- 

I I / " \ I I I I 

HR H H HRHR 

The chain is thereby perpetuated to produce a long polymer. The process is 
terminated by two free radicals pairing up, or by a free radical taking a hy¬ 
drogen atom from another molecule. In the latter case, called chain transfer, 
a new free radical chain is started. 

One of the most profitable renovations in polymer chemistry was the dis¬ 
covery and development of the transition metal alkyls as catalysts. Karl 
Ziegler in Germany first discovered their ability to promote the formation of 
long-chain polymers at low pressures and Giulio Natta in Italy developed 
their use for the formation of stereo homogeneous polymers. They shared the 
1963 Nobel Award in Chemistry for their work. One of the first very successful 
products of this new synthetic method is isotactic polypropylene (e.g. Her¬ 
cules’ Herctdon). An isotactic polymer is one in which the polymer molecules 
have a symmetrical structure. This allows the linear molecules to pack closely 
and gives a crystalline, high-melting fiber. Atactic polypropylene, for example, 
is a soft, rubbery material. 


Isotactic 
polypropylene 
(methyls all on 
same side of 
chain) 


CH, H CH, H 

V V 

/\/ / 


H 


H 


H 


CH, H 

\ / 

C 

/ /\/ 
c c 

/ \ / \ 


H 


H 


H 


Syndiotactic 
polypropylene 
(methyls on 
^temating 
sides of chain). 


CH 3 H 

V 

■'V 
/ \ 


H 


H 


H CH, CH, H 

V V 

c c 

./ \__ ../ \_ 


H 


H 


H 
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Atactic 
polypropylene 
(methyla randomly 
located on sides 
of chain). 


f. Acylation. Alkenes undergo a substitution reaction with acyl halides, 
R—COCl, in the presence of Lewis acids. The mechanism has not been estab¬ 
lished, but a likely possibility is 

0 0 

II II 

R—C—Cl + AlCl, R—C+ -h -AlCh 

CHi 

OR R 

II I . -H* I 

R-C-CjCRj —► RC0-C=CR2 

H 

A competing reaction is the acid-catalyzed polymerization of the alkene. 

g. Ozone. Ozone vigorously attacks alkenes to produce unstable and some¬ 
times explosive intermediates called ozonides. 

R R R /^\ R 

C=C +0,-^ c c 

/ \ / \ / \ 

R R R 0—0 R 

This is a very useful reaction, because the ozonide can be hydrolyzed without 
isolation to yield two carbonyl compounds which, if identified, will reveal 
the structure of the original alkene. 

R /^\ R R R 

+H.0-> ^C-=0 + 0—C +HA 

/ w \ / \ 

The hydrolysis is carried out in the presence of a reducing agent, such as zinc 


CH, H CH, H H CH, 

V V V 

''V ''V 

c c c 

. / - / \ / \ 
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plus acetic acid or hydrogen plus catalyst, to reduce the hydrogen peroxide 
as it is liberated. Otherwise the HjO: will oxidize the carbonyl compounds, 
thereby preventing their isolation and subsequent identification. To illus¬ 
trate the application of this reaction, suppose it were desired to learn the posi¬ 
tion of the double bond in a given alkene (CHa—CHj—CH==C(CH8)—CaHs). 
When this alkene is reacted with ozone aud the resulting ozonide hydrolyzed, 
it would yield the following two carbonyl compounds, which can be identified 
through methods to be learned later: 

CHr-CH, CH, CH,-CHa /^\ CHi 

\ / \ / \ / HiO 

C=c + 03 ^ c c 

/ \ / \ / \ 

H C.Ha H 0—0 CaHs 

3-Methyl-3-hexene 3-Methyl-3-hexeiie 

ozonide 

CH 3 ~CH 2 CHa 

\ / 

c =0 -f o=c 

\ 

H CjHa 

Propionakiehyde Metbylethylkctone 

It was chiefly through the use of this reaction that the structure of natural 
rubber was determined (see Section 3.6). 

The ozonide may be reduced with LiAlH* or sodium borohydride to yield 
the corresponding alcohols. If the alcohols are isolated and identified, they 
too may serve to indicate the position of the double bond in the original 
alkene. Of course, both reactions may be used not only for structure deter¬ 
mination but as ways of preparing carbonyl compounds or alcohols from the 
respective alkenes. This application as a step in a multistep syntheses will 
be made later. 

3.5 ALKADIENES 

Compounds whose structures contain two C=C bonds are called dkadienee 
or diokjins. According to the Geneva system, the class ending is -diene, and 
numerical prefixes indicate the positions of the two double bonds. For example, 
the structure of 2,6-dichloro-5-methyl-2,4-heptadiene is 

Cl CH, 

H,C—6=CH—CH=»C—CH—CH, 

i. 

and the name of the compound having the structure 
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CH, 


Cl CH-€H, 

H,C-C=C-iH-C—C-CH*-CH, 

111 

CH, CH, Br 

i8 2-chloro-3,5-dimethyl-4-i8opropyl-6-bromo-2,5-octadiene. 

There are three relative positions which the two double bonds of an alka¬ 
diene may have; both attached to one carbon atom, separated by a single 
bond, or separated by more than one single bond. These three positions are 
referred to as cumvlated, conjugated, and nonconjugakd or isolated. 

CH,-CH=C*=CH—CH, CH,=CH—CH=CH—CH, 

Cumulated Conjugated 

double bond! double bonds 

CHe=CH-CHr-CH=CH, 

Isolated 
double bonds 

The cumulated structure is the least stable, and frequently the compound 
will isomerize to an alkyne (see Chapter 4) or to the conjtigated diene. The 
conjugated structure is the most stable, and if there is a possibility of either 
the conjugated or isolated structures being formed in a reaction, usually the 
conjugated isomer is the one that results. 

The alkadienes undergo the same reactions as do the alkenes, although 
the former are more reactive and may add two moles of a reagent because 
of the presence of two double bonds. The simplest alkadiene is allene, 
CHi»CBaCHi, in which the double bonds are cumulated. One general 
method of preparing allene hydrocarbons is by dehalogenation of dihalides 
of the t3rpe RjC“CBr—CRjBr. They have no particular importance, so 
little need be said about them. 

When double bonds are conjugated, addition takes place in an unexpected 
manner. If one mole of bromine were allowed to react with one mole of 2,4- 
heptadiene, two products might be expected. 

Br 

C,H,-CH—Ck-CH-CH-CH, 



Br 


Br 


( 11 ) 


C,H,-CH=CH 


;-ch-<!j 


I 


h-ch, 


CJIr-CH-CH-CH-CH-CH, 
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Instead of either of these two compounds being formed, a different compound 
is produced: 

CiH.—CH"=CH—CH=CH-CH, + Br, 

CjH*—CH—CH=CH—CH—CH, (12) 

llr Br 

Notice that in equation (12) bromine atoms have added to carbon atoms 2 
and 5, breaking both double bonds, and a new double bond has arisen between 
carbon atoms 3 and 4. This mode of addition is called 1,4-addiiion. It means 
that addition took place at the first and fourth carbon atoms of the conju¬ 
gated portion of the molecule. These are not the first and fourth carbon atoms 
in the whole molecule, although they may be, as they would be in penta- 
diene-1,3. The numbers merely refer to the atoms in conjugation, or what is 
thought of as the conjugated system. Addition to a double bond as in equa¬ 
tion (11) is denoted as 1,2-addition, i.e., addition to adjacent atoms. Of course, 
if a second mole of addendum is used, then it adds to the remaining double 
bond as usual. 

An early attempt to explain 1,4-addition was made by Thiele, in Thiele's 
partial valence theory. He held that an atom forming a multiple bond has not 
used up all its combining power and has a partial valence reaching out in 
space like an electrically charged liair. When two multiple groups are conju¬ 
gated, the partial valences on the atoms separated by the single bond neutral¬ 
ize each other, leaving the 1 and 4 atoms with partial valences waving around 
freely. When another molecule capable of reacting with the diene approaches 
the diene, the 1 and 4 carbon atoms of the conjugated system react very 
easily. For example, the addition of one mole of bromine to one mole of 
2,4-heptadiene could be pictured as follows: 

C,H,-CH=CH-CH—CH-CH, 

\ Br-Br 

Br-Br 

All at once several things may happen. The 1 and 4 carbon atoms begin to 
form covalent bonds with bromine atoms, the Br—Br bonds become weak¬ 
ened and begin to break, the O^C bonds begin to break, and the neutralized 
partial valences (between the 2 and 3 carbon atoms) begin to change into 
a normal covalent bond. Finally, the situation arrives in which 1,4-addition 
has occurred and the isolated bromine atoms can combine with other bromme 
atoms or react with other heptadiene molecules. This is an oversimplified, 
slow-motion picture of the reaction. An explanation of 1,4-addition in modern- 
day language will be given after the theory of resonance has been taken up, 
altiiough the basic con<;^pt8 are not greatly different. 

It is to be realized t^t Markownikoff’s rule and 1,^-addition are not fol> 
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lowed 100 per cent in practice. Normally the major portion of a reaction will 
go in accordance with these principles and the other minor products will be 
lost during purification steps of the chief product. For practical purposes, one 
may assume that only the 1,4-addition product is formed, although in theo¬ 
retical studies, the relative amounts of both products would have to be 
considered. 

Conjugated systems undergo a unique reaction, namely, the 1,4-addition 
of ethylenic bonds which are activated by electron-withdrawing groups. A 
common substance of this type, called a dienophile, is maleic anhydride. 





0 0 0 


Maleic anhydride 


A \ 

The C==C bond has two carbonyl groups I C=0 J attached. As a result of 


such activation, the C=C bond adds 1,4 to a conjugated system merely by 
mixing the reactants in an inert hydrocarbon or ether solvent: 


CH—CH 

/ \ 

H,C CHj 

+ 


0=C- 


/ 


CH=CH 


„c=o 


H,C 


/ 


CH==CHs 


\ 


:CH, 


CH-CH 



This reaction is known as the Diels-Alder* reaction. It is useful for making a 
wide variety of products, and particularly for confirming or detecting the 
presence of a conjugated system. Reference will be made to it on several 
occasions later in this book. 


3.6 THE STORY OF RUBBER 

Inasmuch as most rubber products today are synthesized from alkene 
derivatives, the story of rubber will be told in this chapter. Few people 
realize the extensiveness of the rubber industry and the important role played 
by rubber in our daily lives. It is used in thousands of ways in both homes 
and factories. For instance, rubber parts number over 500 separate items in 
a modem car and over 20,000 in a battleship. Engine supports, hose, floor 
mats, brake boots, oil seals, and weather strips are only a few of the major 

* Otto Diels and Kurt Alder, German chemieta, received the Nobel Award in chemietry 
in 1960. 
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uses on a car. The large companies each manufacture over 30,000 industrial 
rubber products. 

In IMl Japan obtained control of the source of over 90 per cent of the 
U.S. supply of rubber. At that time only 8000 tons of S 3 mthetic rubber were 
being produced, in comparison with a consumption of over half a million 
tons. The rapid, tremendous growth of the American synthetic-rubber indus¬ 
try from 8000 tons in 1941 to over a million tons in 1945 is one of the greatest 
chemical engineering achievements of all time, second only to the atomic- 
bomb project. 

a. History. 

1521—Spanish explorers observed natives playing with rubber balls in Mexico. 

1770—Joseph Priestly discovered that caoutchouc would erase pencil marks, so he 
call^ it rubber. 

1819—Macintosh produced a rubberised raincoat, which melted and was sticky in 
summer and brittle in winter. 

1838—Vulcanisation discovered by Goodyear and Hancock independently. 

1860—^Williams decomposed rubber to produce isoprene. 

1870—Bouchardat polymerised isoprene to get rubberlike resin. 

1882—Tilden determined structure of isoprene. 

1914—Germans synthesized inferior grade of rubber. 

1930— Thiokol, fint commercial synthetic rubber in the United States. 

1931 — Neoprene, first American general-purpose synthetic rubber commercialized. 

1942 —American synthetic-rubber industry expanded to exceed prewar natural- 

rubber consumption. 

1949 to present—Synthetic rubber holds major share of rubber industry. 

b. Sources of natural rubber. Natural rubber occurs as latex in the cell 
system between the outer bark and the cambium and in the leaves of many 
tropical trees and smaller plants. A narrow groove is cut around the tree 
about 4-5 feet above the ground. The channel is lowered about once a month 
and by the time the cuts are close to the ground, bark has grown over the 
original cuts. Some trees have yielded rubber continuously for thirty years. 
Production centers are Mexico, Liberia, South America, India, and the East 
Indies. 

c. NatuK of natural rubber. Latex is a suspension of small rubber globules 
in water that has a milky appearance. Common practice is to add dilute acid 
to coagulate the rubber. This coagulum is then washed, dried, and passed 
through rollers to produce cheeselike sheets called crepe. The latex consists 
of 90-95 per cent of the rubber hydrocarbon called caoutchmc (South American 
Indian word for ‘‘weeping tree") and 5-10 per cent impurities (organic acids, 
sugars, resins, and nitrogenous substances). The crepe is sticky, thermoplastic, 
elastic over only short temperature ranges, and swells readily in organic 
solvents. 
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d. Structure. The fact that destructive distillation of rubber gave isoprene, 
CHf>«C(CHi)—and that heating isoprene with HCl gave a rub¬ 
berlike material, led chemists to the belief that rubber is built up in some 
way from isoprene units. Natural rubber molecules have an average molecular 
weight of 1,000,000. Chemical experiments show that rubber contains double 
bonds, adds halogens, resists hydrogenation, and reacts with ozone. The 
German chemist C. Harries used ozone to identify the structure of rubber 
and concluded that it is formed by a 1,4-addition polymerization of isoprene. 


(n -|- 2) moles 

CH. CH, CH, 

I I I -H* 

ch,=-c-^h^h/ch,U:A3h—ch/ch^-c-^h-ch,.—► 

CH, CH, CH, 

I I I ^ 

CH,-C=CH-CHr-CHr-C=CH-CHr-€H=C-CH-CH, 


Ozonolysis followed by hydrolysis splits the rubber molecule at the double 
bonds. 


CH, 


CH, 


CHr-C=CH-|-CHr-CH,-C==CH—CH,j-CH—C—CH=-CH, 

|Oi. (bra HiO 


CH, 

I 


CH, CH, 

CHr-C—0 -I- n O—CH-CH,-CH,-C—0 + 0—CH—CH 

Levulioic CH| 

+ o-i-c 


J.X 

[r-cL-0 


aldehyde 


IH—0 -h G-CH, 


The molecular weight of rubber shows that there are 14,000 isoprene units 
in the linear chain; hence, n is so large that levulinic aldehyde is practically 
the only product isolated from the ozonolysis of rubber. Later, X-ray studies 
confirmed this structure of rubber. Rubber molecules are long chains, twisted 
spirally, so that the chains uncoil when the rubber is stretched. 


e. Vulcanization. The process of curing, called wleanization by Hancock 
after Vulcan, the Roman god of fire and forge, consists of heating rubber 
with 3-10 per cent of sulfur at a temperature range of 125-140” for 1-4 
hours. Vulcaifization is a chemical combination of sulfur with the rubber 
hydrocarbon. There is a loss of one double bond per sulfur atom combined, 
forming C—B—C links between polymer chains. 





The time and temperature of curing is decreased by catalysts (accelerators) 
such as amines, and this is made more effective by adding ZnO. The vul¬ 
canized product is less sensitive to temperature changes, has greater tensile 
strength and elasticity over a wider temperature range, and swells less in sol¬ 
vents than does crepe. The elasticity is 700-900 per cent. If 30-50 per cent 
of sulfur is used, a hard rubber or ebonite results. Oxygen attacks rubber slowly, 
forming acidic and oxygenated substances. Antioxidants are added to retard 
this deterioration. 

{. Processing of rubber. Some rubber products are dipped in a latex mix, 
then vulcanized, but most rubber products are manufactured out of rubber 
which is already vulcanized. The latex mix consists of fillers (dyes, wax, etc.), 
lampblack (for toughness, as required for tires), antioxidants (amines, phe¬ 
nols), softening agents, accelerators, emulsifying agents (soaps), sulfur, as¬ 
bestos (if fire-resistant product is desired), and the rubber base. 

g. Rubber substitutes. 

BaUUa and gutta-percha: These are stereoisomers of natural rubber (see 
page 124). They are not very elastic, are tough, and are thermoplastic. 

Reclaimed rubber: Rubber goods are ground, treated with alkali or acid to 
remove fabrics, then washed, dried, and compounded with new rubber. 
Reclaimed rubber has only 300-400 per cent elasticity. 

Synthetic rubber: When the Allies imposed a shipping embargo on Germany 
during World War I, Germany had to find a new source of rubber. Isoprene 
production from turpentine and other sources was limited, but they found 
that polymerization of 2,3-dimethylbutadiene produces a rubberlike mass. 
The dimethylbutadiene was easily produced from acetone. The polymeriza¬ 
tion was catalyzed by sodium in a COi atmosphere uid given the name 
bma rubber. It was a veiy inferior product and its production ceased after 
the war. 

Research on the synthesis of rubber continued slowly; but in 1941, when 
J^Mm cut off the availability of rubber from the East Indies where tiie United 
States was getting 90 per cent of its su^ly, research and production of 
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thetic robber middeBly grew into a mammotJi industry. Soon five major 
t 3 rpe 8 of robber were developed, among which either one or another is as 
good or better than natural robber for any purpose except for truck tires. 
For instance, butyl robber is far superior for inner tubes; buna N rubber is 
best for fuel lines at the extremely cold temperatures of arctic countries; 
and some ssmthetic rubbers do not bum or carry a flame. The price of natural 
robber fluctuates a great deal because of labor problems and competition, 
but in general the prices of natural and synthetic rubber are comparable. 

TABLE S.3. nVE GBCBAl TYPES OF SYNTHEUC BUBBERS PRODUCED 
IN THE UNITED STATES ON A COAAMERCIAL SCALE 


Name 

Monomers Used 

Chief Use and 
Characteristics 

GR-S, or 
Buna 8 

1,3-Biitadicnc Rtyrene 

CH,=CH-CH=CH, CH=CHi 

An all*piirpoBe rubber 
which can replace natural 
rubber in most of its uses 

CR-I, 

Butyl, 

Polyhutene 

Isobutylene 

(CH,)iC=CH, 

For inner tubes and tube¬ 
less tires; many times 
more resistant to oxida¬ 
tion, and holds air better 
than natural nibl)er 

Buna N, 
Perbunan, 
Hycar, 
Chemigum 

1 ,a.Bulodicne -f acrylonitrile 

CH,=CH-CH=CH, CH=CH, 

An 

Resistant to oils and cold 
temperatures; used for 
self-sealing gas tanks, oil 
and hydraunc fluid hose, 
rubber gloves, etc, 

Neoprene 

Chloroprene 

CH,=CCI-CH=CH, 

Nearest to natural rubber 
in properties and uses; 
used for household and 
medical articles 

Thiokol 

Ethylene chloride + sodium polysulfide 

CI-CH,CHr-CI + NaS«-* 
-CH,CH,-S4-S-CH,CHr-s4s-CHiCH,- 

m m 

n 

Used for gaskets, seals, 
pulleys, and hard-rubber 
products to be exposed to 
oil and pressure 


In Table 3.3 are listed the five general types of synthetic rubbers produced 
in the United States, of which 75 per cent of the total is GR-S. In Table 3.4 
is given the U.S. consumption of robber in Uie years of 1944 and 1954. 
Synthetic rubber production reached 1.5 million tons in 1962, with buna S 
type comprising two-thirds of this. 

GR-S, or buna S, robber is a copolymer of approximately 78 po* cent 
butadiene and 22 per cent styrene (a molar ratio of about 7:1), most of which 
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TAME 3^. UNnO) STATES CONSUMPTION OF EUlSER IN lONG TONS 


Type 

1954 

1944 

Natural rubber. 

597,435 

144,113 

GR-S. 

483,001 

494,115 

Butyl. 

61,314 

10,763 

Neoprene.... 

67,203 

46,243 

GR-N... 

17,115 

14,112 

Total synthetic. . 

635,977 

566,670 

Total natural and synthetic. 

1,233,412 

710,783 


is polymerized today at relatively low temperatures and by a free-radical 
catalyst. 


Butadiene is a gas, and styrene boils at 145°. Polymerization gives olT a large quantity 
of heat, so water is added to help control the temperature. Since the hydrocarbons 
are insoluble in water, soap is added to produce an emulsion. The reaction is carried 
out in a large closed tank to which is added a peroxide and a modifying agent, and the 
mixture is stirred at a temperature near 5° for approximately 15 hours. By this time 
the polymerization is two-thirds completed and an inhibitor is added to destroy the 
peroxide. The excess butadiene and styrene are removed and recovered, an antioxidant 
is added, and the synthetic rubber is coagulated with an acidic salt solution, washed, 
dried, and baled. 

Modifiers are certain agents such as higher mercaptaiis, RBH, which control the 
growth of the polymer chain. A commonly used inhibitor is hydroquinone. 

Sixty-one per cent of all rubber produced in the United States is used to 
manufacture tires. GR-S is preferred for passenger cars, because it gives 30 
per cent longer wear than natural rubber. Rubber gives off heat when 
stretched, and since it is also a poor conductor, heat accumulates in a tire. 
Passenger-car tires are now designed to withstand this heat. Only about 10 
per cent GR-S can be used satisfactorily in truck tires; cts-polybutadiene 
has proved to be a much better material for truck tires. A typical tread 
recipe for passenger tire rubber is 


Parti 


Synthetic rubber. 65.0 

Zinc oxide. 2.0 

Carbon black. 23.7 

Organic acids. 0.5 

Process oil. 7.0 

Sulfur. 0.9 

Accelerator. 0.3 

Antioxidant.. 0.6 


100.0 


Butyl rubber is simply polyisobutytone: 
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GH, CH, CH, 

/ 

H-C 

\h, 

where n may be as large as several thousand. Thus butyl rubber is essentially 
saturated and therefore resistant to oxidation. It cannot be vulcanized, and 
since vulcanization improves the elasticity of rubbers, the usual formula has 
97 parts of isobutylene with 3 parts of isoprene or butadiene poljmerized 
with an acid catalyst like AlCli at —100°. Today all inner tubes are man¬ 
ufactured from butyl rubber. 

The acrylonitrile content of buna-N type rubber varies from 18 to 45 per 
cent. Increasing the acrylonitrile content over this range improves the 
petroleum-oil resistance, tensile strength, and high-temperature resistance 
but simultaneously reduces the elasticity and low-temperature flexibility of 
the rubber. The polar rubbers (buna N and neoprene) are more resistant to 
nonpolar oils (hydrocarbons), whereas nonpolar rubbers (natural rubber and 
butyl rubber) are more resistant to polar oils (esters of phosphoric acid). 

Several other synthetic rubbers are in the pilot-plant stage. One is white, 
from which tires could be made to match the color of a car; another type 

TABU 3.5. RELATIVf RATING OF DIFFERENT RUBBERS 




Natural 

Rubber 

GR-S 





Workability 

E 

G 

G 

G 

G 

F 

Ease of cure 

E 

E 

G 

E 

E 

F 

Adhesion 

E 

E 

G 

E 

99 

F 

Strength 


G 

99 

G 

99 

F 

Elongation 

■9 

G 

99 

G 

E 

F 

Aging 

G 

E 

E 

E 

E 

E 

Set 

E 

E 

F 

G 

E 

P 

Gas diffusion 

F 

F 

E 

G 

G 

E 

Food contamination 

E 

F 

G 

99 

99 

F 

Electrical resistance 

E 

E 


99 

99 

F 

Nonflammability 

■■ 

■■ 

■■ 

G 



ResMtttice to aolmtUg 


mM 

■■ 




Lubricating oil 

H9 

HB 


G 

E 

E 

Aromatics 


■9 


99 

F 

G 

Chlorinated 

■fl 

■9 

mm 

99 

G 

G 

Lacquers 

■■ 

■9 

■■ 

99 

99 

G 


E ■ excellent; G - good; F - fair; P ■ poor. 
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jlMjivB swdl-raistaQce to the high-temperature synthetic lubricants; and the 
"fluororubbera" are nonflanunabie. Thus, synthetic rubbers can be made 
witii a wide variety of remarkable properties, some of which cannot be 
matched by natural rubber. A comparison of the major rubber types with 
respect to their important characteristics is given in Table 3.5. From this 
tld>le it is apparent that the wide variety of applications of rubber in this 
nnwha ni cal age can be met only by the combined availability of the synthetic 
and natural rubbers. 

Il Stereolsomeiism among rubbers. When isoprene polymerises, it can do 
so to yield an all-cis, an all-lrans, or a mixed cia-trans polymer. 


CH, H CH, H CH, H CH, H 

W )c-c( )c-c( )c-c( 

—CH,^ \h»-CH,^ 

All-eu polyiaoprene structure 


CH, CHr-CH, H CH, CH,-CH, H 

\-C'^ ^C-C^ '^C-C^ \-C^ 

-CH,'^ CH,^ \Hr-CH,^ \ CH,^ \h,- 

AU-(ranj polyiaoprene atnicture 


Natural rubber has the all-cia structure, and gutta-percha and balata have the 
all-(rans configuration. Biological reactions are very specific with respect to the spatial 
shapes of molecules involved. In this case, the hevea, or natural rubber trees, produce 
one geometric isomer, in spite of the very large molecular sue, whereas a different 
plant produces its geometric isomer, gutta-percha, etc. Until the 1950 'b, man was not 
able to polymerize isoprene to produce a replica of natural rubber.* The synthetic 
product always differed sterically, and theref^'^e had different properties. The spatial 
shape is an important factor; for instance, tb** elasticity of natural rubber is twice 
that of its isomer, gutta-percha and balata. 

In 1955, several rubber companies announced the synthesis of stereospecific rubbers, 
such as all cis- or all fra7is-l,4-polyi8oprene. By 1953, stereo rubbers from polybutadiene 
and polyiaoprene accounted for 9 per cent of all rubber production in the U.S. 

The general properties of large molecular weight compounds, or macromole- 
cules, will be discussed in Section 26.4 along with synthetic textiles and 
plastics. 

* It is known that the plant does not polymerize isoprene iteelf but probably a derivative 
of /S-methyl-erotonic add, (CHi)iCa^H—COOH. 



mam 

RCHf--CB»-(CHK*~CR,)«-CR-CR, 
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R 

i-A: 


RtCH-CH-CR-»CR, 


Mb04-. 

NkiCOi 


R,C-CHR 

hA Ah 


RiCO + RCHO 
\ /\ R,CHOH + 




\ 


RCHiOH 


H R,CX-CHJl 


^ t ^ "V^KOH 

koi« Oi ^ 

_if u. Kl 


R 

R 

\ 

/ 

c-c 

/ 

\ 

R 

H 



Rifl. 

R,CH-CHJl 



R,CX-CHXR 

»vNs^OH (Bdd o»t.) 

h^°^^R,C_CH,R 

in 


HOX 


R»C-CHR 

I I 

OH X 


Fig. 3.4. Charactarittic reaction chart for olkenot. 


STUDY EXERCISES 

1. Write equatione illustrating four laboratory methods of producing alkenee. 

2. How are alkenes produced industrially? 

3. How do alkanes and alkenes differ with respect to reduction, oxidation, substi¬ 
tution, and addition reactions? 

4. Write structural formulas for the following compounds; (a) 2-methyl-3-hexene, 
(b) 2-ohloro-l,3-pentadiene, (c) 2-methyl-4,4-dichloro-2-hexene, (d) l^bromo-2,4- 
hexadiene, (e) 2,^pentadiene. 

5. What reagent and conditions would be used to bring about the following 
changes? 

CHr-CH—CH-CH, - CHr-CHOH—CHOH-CH, 

(CH,),C—CH-C,H,-» (CH,),CBi—CHr-CHr-CH, 

CHr-CHr-CH—C(CH,)—C,H, -♦ CH,-CH,—CHO -|- C,Hr-CO-CH, 

6. State or define the terms (a) polymerization, (b) Markownikoff’s rule, (c) 1,4- 
addition, (d) conjugation, (e) addition reaction, (f) alkylation, (g) isoprene unit. 

7. How could 3-heptene be prepared in the laboratory starting with any desired 
compound? 

8. What is Thiele’s partial valence theory? 

9. How would you convert ethylene into (a) ethylene chloride, (b) ethane, (c) 
ohloroethane, (d) 1-butane, (e) ethylene glycol, (f) ethylene chlorohydrin, (g) ethyl 
alcohol. 

10. Name and give the structural formulae of the isomeric hexenes. 
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It. Give the name and etructuial foimola of the reaction product when one mole of 
l,SH9ctadieiie u treated with one mole of bromine. 

12r Show two possible Btructures for 2-pentene. 

13» Give the s^cture and name of the compound from the normal addition of HCl 
to (a) trimetbyiethylene^ (b) 1-pehtene, (c) 2-pentene, (d) 2-methyl-2-*pentene. 

14. Write the structiii^ formula and the name of the compound formed when one 
mole of bromine reacts with one mole of (a) l-pentene, (b) 2-hexene, (c) S-heptenOi 
(d) 3-iiiethyl-2-pentene, (e) 3-methyH,3-hexadiene, (f) 2,4-dimethyl-2,4-octsdiene. 

15. Describe rubber latex as obtained from trees. 

16. Describe briefly the process of vulcanization. 

17. What are several types of substances compounded with rubber in the manu¬ 
facture of rubber products? 

18. What are the monomers used to produce buna S, butyl, neoprene, buna N and 
Thiokol rubbers? What are special uses or properties of these rubbers? 

19. Indicate by equations what reactions, if any, would occur when the following 
substances are mixed and gently warmed: 

C Hj—CHf—CHBr—CH| + 

CHr-€Hr-CHBi—CHi + 

GHj—CH| —CHBr—CHi *1“ 

CHj——CH| + 

20. Illustrate the acid-catalyzed dimerization 
butene. 

^1. When bromine is added to ethylene in methyl alcohol solution, some Br--CH| 
'-rCHjOCHf is produced in addition to ethylene bromide. Offer an explanation for the 
formation of the side product. 

22. What are the angles a and 6 in the compound 


sodium metal 
Zn + HCW-^ 

Zn HOlnono. 

and polymerization of 2-methyl-2- 


aH b 


23. On the baeic of the following, infonnation, deduce the structural formula of I 
and II; 


_ _ KOHab. _ __ Oi. thn HiO 

CtHwCI ' ■ C7H14- 


II 


H.C H 

^C-0 + 0— 
H,C,^ 


TEST QUESTIONS, StI 3 

1. What should be the principal product when HCl is added to 5-methyl'3-hexeneT 

2. Give the name and structural formula for tiie final product when l,2>dibromo- 
hexane is wanned with sine dust and the reaction product is treated with hydrogen 
chloride. 

3. One mole of 2>hexene was reacted with excess bromine at room tmnperoture to 
give 100 g of product. What was the per cent yield in the reactionf How many grama 
of ainc would be needed to reconvert the product into hexene? 

4. An olefin waa treated with oaohe and the reaultmg oaonide hydrolyied to yield 



(GHr^Hi)iG^O plus (CHi)iCH—CHO. What was the structure of the original 
nlefin? 

5. What volume of ethylene measured over water at 25° and 740 mm can be ob-^ 
tained from 60 g of alcohol? From 50 kg of alcohol? 

6. Illustrate by equations, using structural formulas, two modes of addition of 
isopentane to isobutylene. 

7. Illustrate by equations, using structural formulas, a dimerisation of isobutylene 
to yield an olefin which may be hydrogenated to Isooctane. 

8. What volume of propene, STP, can be obtained from 160 g of n-propyl bromide 
if the latter is 82 per cent pure? 

0. How could 2-hexene be distinguished from hexane by qualitative test-tube 
experiments? 

10. A bromine solution in CCl^ is 0.08 molar. What volume will react at room tem¬ 
perature with 0.196 g of 3-methyl-2-hexene7 

11. Each of the following preparations involves several combinations of reactions 
given in this or earlier chapters. Give a sequence of reactions you could carry out 
in the laboratory to perform the transformations indicated. These are called mvUieUp 
aynfAeses. 

(a) n-propyl bromide to 1,2-dichloropropane 

(b) isopropyl alcohol to n-propyl bromide 

(c) ethyl bromide to ethylene chlorohydrin 

(d) l-bromo-2-methylbutane to CHj—CHa—CO—CHj 

(e) isopropyl bromide to n-hexane 

(f) 3-methyl-l-butene to 2,3-dimethylbutane 

12. A hydrocarbon is known to be either 2-methyl-2-pentene or 3-methyl-2-pentene. 
What would you do in the laboratory to establish its structure? 

13. An alkyl dihalide R (CeHiaBra) was treated with excess alcoholic KOH to 
produce S (CeHio). When S is hydrated in the presence of sulfuric acid, compound T 
is obtained: 


0 CH| 

CH,-!!—CH,-C^ 

\h, 

T 


Give structural formulas for R and S that are consistent with the facts above and 
show how you reached your answer. 

14. What weight of the appropriate R—Br compound would be required to produce 
one mole of 5,&Kli-(i9,^imethyl-butyl)-2,8-decadiene by the Wurts reaction if the 
reaction took place in an 80 per cent yield? 

15. An unsaturated compound W (CVHirBr) was treated with alcoholic KOH to 
produce an alkadiene X (GHu). When X was treated with one mole of bromine, 
compound Y (CiHieBri) was obtained. Then compound Z 


CHi CHi 

(CHi)/ 3 H-i-CH—i-CH,Br 
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m obteiBfld by the oxkbtioD of Y with KMnOi in eqnmiu Give itniotiinl 
fonnuitt for W, X, and Y thnt ue coniietent with the above obeervatiou and ihow 
how you obtained your anawer. 

16. t^Tiat series of laboratory reactions would you use to prepare 2,2,7,7<tetra* 
methylootane startint; with 2,2^iinethyl4-bromobutane? 



Alkynes 


Alkynee are aliphatic compounds whose structures contain a carbon-carbon 
triple bond, —CsC—. They are referred to as acetylenic compounds, after 
the name of the hrst member of the family, acetylene. Molecular formulas of 
the unsubstituted alkynes fit the general empirical formula, 

When an a and a p orbital of carbon hybridize to form two ap hybrid 
orbitals, the carbon atom may form two molecular orbitals which will be 
colinear. Two p orbitals would be left at the carbon atom, each containing 
an unpaired electron. Thus, in acetylene, each carbon atom can have two p 


H 


Fig. 4.1. Fig. 4.2. Shape of the pi or¬ 

bitals in acetylene. 

orbitals perpendicular to the axis of the molecule. The p orbitals may coalesce 
to form two pi orbitals perpendicular to each other, but since the two pi 
orbitals can have any angle about the C—C axis within 360°, this gives a 
cylindrical pi electron cloud about the C—C axis. 



4.1 NOMENCLATURE 

The Geneva system of naming alkynes is analogous to that for the alkenes, 
wi^ the class ending being -yne (-ins, in the old literature) instead of -ene. 
Immediately the question arises, what to do about compounds containing a 
OkC and a CasC bond? These compounds are named by using the regular 
Bufiixes -^ene and -yne, with numbers to indicate their respective positions in 
the mam chain. For example, the nmne of the compound, 
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in, Ah, 


jiB 8,6‘dimethyl-2-octene-4-yne.y 


4.2 PREPARATION 


a. laboratoiy preparation. Alkynes may be prepared by the same proce¬ 
dures used for alkenes, that is, by forming multiple carbon-carbon bonds in 
a molecule through the removal of H,X or X,X. 

R—CHr-<3Xr-R + 2KOHric. R—C=C-R -|- 2KX -|- 2H,0 
R—CXr-CXr-R + 2ZnR—CsC—R-I-2ZnX, 


When preparing l-alkynes, KOH. 1 ,. should not be used, because it catalyzes 
the isomerization of l-alkynes to 2-alkynes. Instead, sodium amide has been 
found to give excellent yields. One may use an alkyl dihalide,' 


gminal (cf. page 327) 

L|— 

R-C-C-H 


or 


vicinai 


4 - 1 '^ 

R-C-C-H 



or one may use a haloalkene. 


R-€-C-H + 2NaNH,- 

rh'ti 


HO* 


' R-C=BCNa + NaX + 2NH, 


The sodium alkynide which is ionic, is then hydrolyzed in dilute acid to 
yield the 1-alkyne. 


R—CaiCNa + HCl R-CaiC—H + NaCl 


b. Acetylene. A very simple method of preparing acetylene is by the 
hydrolysis of calcium carbide. 

^ When the two halogen atonn are on the same carbon atom they have the g^miwd (gem.) 
poution, and when attached to adjacent carbon atoim the two halogens are in the vidfial 
(vie.) position. 
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CaCi + 2H0H -► Ga(OH)i + H-OaC-H 

The method requiits no special laboratory equipment other than that for 
collecting gases, and so this method is commonly used in the elementary 
organic laboratory course for making acetylene. 

c. Industrial production of acetylene. Essentially, the same methods are 
used for preparing alkynes on laboratory and commercial scales. However, 
the only alkyne of major industrial importance is acetylene. There are two 
competing methods of producing acetylene: the hydrolysis of calcium carbide 
and the cracking of petroleum oils. Yery little petroleum is found in Ger¬ 
many, but this country has an abundance of coal. Therefore Germany and 
most of Europe must rely upon coal as a natural carbonaceous resource for 
building their organic chemical industries. The major routes from coal to 
aliphatic chemicals are I and II, as shown in Figure 4.3. Today’s extensive 

Ha. a, cot 

proctil 


tiquid f low molicMlor 
woight olcoholf, ocitfi, and 
htfoooi 


Fig. 4.3. Major routes from coal to aliphatic chemicals. 

use of both routes is due to the ingenious pioneering work of German chemists. 
By route II, acetylene is made from coke, and the cost of acetylene is affected 
by the demand on coke made by other industries. In the cracking of petroleum 
oils to produce gasoline, acetylene is one of the gaseous side products. It is 
also made by cracking ethane or propane. 

4.3 PHYSICAL AND CHEMICAL PROPERTIES 

The physical properties of the alkynes show the same trend with increasing 
molecular weight as found for the other aliphatic hydrocarbons (cf. Table 
4.1). The solubilities in water of the alkanes, alkenes, and alkynes are all 
small, although there is a definite increase in the order named. 

The typical reactions of the alkynes are along tiie same lines as those of 
the alkenes: namely, they (1) undergo addition reactions in the cold, (2) are 


COAL 


Pyreiytii 



Low motocylor wtight 
Ollphotici or oromotici 
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TAUE 4.1. PNYSICAl CONSTANTS OP SOME AUCYNES 


Name 

Molecular 

Formula 

Melting 

Point 

Boiling 

Point 

Sp. Gr. 

(liq.) 

Acetylene 

C,H, 

-82 

-83 

0.618 

Propyne 

CiHx 

-102 

-23 

.671 

l-Butyse 

C 4 H. 

-122 

9 

.668 

1 -Pentyne 

Cdl, 

-98 

40 

.695 

1 -I^yoe 

C.H„ 

-124 

72 

.719 

1-Heptyne 

1 C,H« 

-80 

100 

.733 

1 -Octyne 

CJIm 

-70 

126 

.747 

1 -Nonyne 

C.H„ 

-65 

151 

.763 

1 -Decyne 

CioHii 

-36 

182 

.770 

2-Butyne 

C 4 H, 

-24 

27 

.694 

2 -Pentyne 

CA 

-101 

55 

.714 

2 -Hexyne 

C.H., 

-92 

84 

.730 


easily oxidized, and (3) are catalytically polymerized. These are the char¬ 
acteristic features of unsaturated compounds. The oxidation of alkynes is 
along the route 

0 

oxid. oxid. ^ ^ oxid. 

R— OeC— R ^ R— C=C— R R— C— C—R —> 


/ \ 

HO OH 

An enediol 


0 

o-Diketone 


0 


0 


R-C-OH -h HO-C-R 

Carboxylic acids 


The enediol is rarely isolable; the diketone is sometimes isolable, usually the 
two acids are the products recovered. Notice that identification of the two 
acids reveals the structure of the original alkyne. 


a. Metal aUqmides. There is one qualitative difference between the re¬ 
activities of alkenes and alkynes, and that is the acidity of the idkynes. 
The hydrogen atom attached to the acetylenic carbon atom in l-alkynes, 
R—CaC—H, is active enough to be replaceable by metal ions. Two classes 
of metal alkynides ue obtained. One type, like those with cuprous and silver 
ions, is fairly cov^ent, insoluble, and unaffected by water;-the second type, 
like those with sodium ion, is ionic and is rapidly hydrolyzed by water. The 
cuprous and silver alkynides can be prepared in aqueous anunonia by merely 
mixing ammoniacal solutions of the salts and a 1-alkyne. 

R-C-O^H -I- Ag(NH,),+ -4 R-C-O-Ag -|- NH4+ -I- NH, 
H-CaaO-H + Cu(NH,),+ -♦ R-Ca«C-Gu + NH4+ + NH, 
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The alkynides precipitate and are fairly stable while wet; but Uiey are ex¬ 
plosive when dry. Acetylene will give also the dimetal salts, Af—CaC—Ag 
or Cu—CaasC—Cu. The alkynes may be recovered from the salts by treat¬ 
ment with dilute mineral acids. 

R—CaaC—Ag + HCl — R—C»C—H + AgCl 

The sodium alkynides are best prepared from the 1-alkyne plus sodium amide 
in liquid ammonia, although sodium metal may be used. 

R—C=C—H -F NaNH, -»R—CsC-Na+ + NH, 

The sodium alkynides are salts of extremely weak acids; hence, they hydrolyse 
readily when in contact with water to liberate the l-alk 3 rne. 

R—C=CNa + HOH R—CaC—H + NaOH 

This reaction is not reversible to any significant degree; that is, as strong a 
base as sodium hydroxide is, the 1-alkyne is too weak an acid for the two to 
give even detectable amounts of the sodium alkynide. On a basis of the rule 
of thumb that stronger acid liberates weaker add, and stronger base liberates 
weaker base from their salts, this reaction implies that HOH is a stronger acid 
than a 1-alkyne, or that a sodium alkynide is a stronger base than NaOH. 
Both implications are true. Throughout this book several substances will be 
given which are stronger bases than NaOH. 

The activity of the acetylenic hydrogen in l-alkynes is revealed by another 
reaction. It will be recalled that Grignard reagents react with substances 
having active hydrogens (essentially, these are hydrogens replaceable by 
metals), and the acetylenic hydrogens of l-alkynes are sufficiently active to 
react with Grignards. 

R-CsC—H -h R'MgX R'—H + R-CsaCMgX 

Thus, the alkyne Grignard can easily be prepared. Alkyne Grignards and 
sodium alkynides react with alkyl halides to give disubstituted acetylenes. 

R-CaaCMgX -I- MgX, 

or -1-R'X-^R—C=C—R' or 

R—OwCNa -I- NaX 

One useful application of such a reaction is the lengthening of a chain of 
carbon atoms, one carbon at a time. The metal alkynide is allowed to react 
with methyl bromide first. For simplicity, only the sodium alkynide will be 
used in an illustration, although the alkyne Grignard wUl do as well. 

r_OsC_H -1- NaNH, -♦ R-OsCNa + NH, 

I 

R—CssaCNa -|- CHiBr —> R—C3*C—CH, -1- NaBr (1) 

Under the influence of catalytic amounts of sodium amide, 2-alkynes isomerue 
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to l-alkynes, whereby two hydrogen atoms migrate from the one-carbon to 
toe toree-carbon atom, and two C—C bonds shift toward toe end the 
ohain^ 

H H 

I N»NHi I 

R—CsasC— C-H R— C—C=C— H (2) 

1 kohZ 1 

H H 

II 

This differs from a double tautomerization in that it is not spontaneous. If 
the 1-alkyne is heated with alcoholic potassium hydroxide, isomerization 
takes place in the reverse direction, whereby l-alkynes produce 2-alkyne8. 
For the present purpose, the 2-alkyne is isomerized to the 1-alkyne as in (2). 
Observe that the resulting 1-alkyne, II, has one more CHt group in the 
chain than the starting l-alkyne, I. If II is converted to its sodium alkynide 
and methylated with methyl bromide as in (1), when the product is isomerized 
to a 1-dkyne, the next higher homolog of II results. 

R_CHr-C=C-H S R-CH,C=CNa 

R-CH,C»C-CH, R—CHr-CHr-C=EC—H 

A 

Thus, a 1-alkyne may be converted to its next higher homolog. 

The ability of l-alkynes to form metal salts makes it possible to separate 
or distinguish them from other hydrocarbons such as alkanes, alkenes, 
and disubstituted acetylenes. Among the hydrocarbons, only a l-alkyne, 
R—CsC—H, will form a precipitate with an ammoniacal cuprous salt, so 
that this reaction provides qualitative evidence for the presence of a 1-alkyne. 
The reaction may also be used to separate a 1-alkyne from a mixture con¬ 
taining other classes of hydrocarbons,- or even to remove impurities of 
l-alkynes from the other hydrocarbons. The alkynes are r^enerated from 
the cuprous salts by treatment with dilute mineral acid. 

44 USES OF ACETYLB4E 

Acetylene, mixed with air within a 5-80 per cent range, will exptode 
violently when ignited. The flame of acetylene burning in oxygen is extremely 
hot, about 4000°, and therefore oxyacetylene torches are used for cutting and 
welding sted. Twenty per cent of the acetylene produced is used for this 
purpoee; the other 80 per cent is used for producing chemicals. Most of the 
orgamc-chemical industry of Germany during the war years stemmed from 
acetylene, thanks to the work of a German chemist, J. Walter Reppe, and 
his co-workers. Previously acetylene under high pressure could not be Wdled 
safely; it frequently exploded for no apparmt reason. Eqipe bravely devel- 
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op6d techniques of hsudliiig Ecetylene under high pressure for producing 
several low-molecular-weight chemicab. He also worked out new types of 
reactions which opened up a new field of chemistry. One of the most important 
products to come out of Reppe’s work was polyvinylpyrrolidone (PVP) 
(page 555), which was used as a plasma extender in the treatment of hundreds 
of thousands of German casualties of World War II. PVP is used extensively 
now as the basic film-forming ingredient in 75 per cent of all hair preparations. 

The major routes from acetylene to the many chemicals produced are 
indicated on the chart shown in Figure 4.4. 


CH,j:OOH- 

1 


For production of dyoi, porfumoi, 
•■tori, phormociuticoii, plot tico, 
■fc. 



CH|*CH-CSCH 
For proporotion 
of oooprino 
(•pothotk rifbborl 


H-c"lC-CN|OH ond HO-CH|-CsC-CH| OH 

Hi 


HOCH|-Ch] CH-CH|0H 


Cltormcoii for lynthoni of 
Nylon, ploitici, blood - voluiM 
oipondtri, pOorinocoutiooli, 
•tc. 

Fig. 4A. Major routes from acetylene to various chemicals. 


4.5 TAUTOMERISM 

Anotiier phenomenon which is unique among organic compounds is tmUomr 
eritm. It is an isomerization in which a proton migrates in one direction and 
a covalent bond in the opposite direction within a molecule. Whenever three 
atoms, A, B, and C, are arranged so that there is a multiple bond between 
two and a hydrogen atom on the third, this special isomerization may occur. 
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m 


H 

^ i-B-C 

It is & reversible reaction, the position of equilibrium depending upon the 
nature of atoms A, B, and C. The roost common situation is one in which 
two atoms are carbon and the third is oxygen, giving the structures of an 
enol (a-hydroxy-alkene) and a carbonyl compound : 

H H 

/ I 

C—C-O ?iC—C-0 


Such a molecular rearrangement occurs in the hydration of acetylene in acid 
solution in the presence of mercury salts. 


H-dic-H + H-OH ^ 




H 

I 

H 

I 

OH 


The expected product is vinyl alcohol, CHi>»CHOH; but instead, the isolated 
product is acetaldehyde, CHr—CH=0. This is due to the tautomerization 
of vinyl alcohol. 


• H 

I 

H-O-C—H 
t ^1 

\ OH J 


H H 


I / 


H—C—C 
1 

H 


\ 

0 


The equilibrium lies over 99 per cent on the right; not even detectable 
amounts of vinyl alcohol are present. That is why brackets are used around 
the vinyl alcohol formula. 

This tautomeric system between an enol (combination of en for C»C and 

\ I 

-ol for alcohol, having a structure —OH) and a carbonyl compound 

will be encountered several times in the book. In some cases the equilibrium 
will lie far on the enol side, other times far on the keto side, and at other 
times it will lie between the two extremes. However, tautomerism occurs 
among other couples (see page 428) and is a special form of isomerizatioa. It 
is an isomerization which does not require a catalyst, although it may be 
eaWyzed by certain reagents. The two isomers in equilibrium are called 
toutmere and the process of going from one tautomer to the other is called 
taidmeruaHon, 
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Fig. 4.5. Chargcterislic reoction chart for alkynet. 


STUDY EXERCISES 

1. Give equations for two general laboratory methods of preparing alkynes. 

2. Starting with calcium carbide, how can the following be prepared: (a) dibromo- 
ethylene, (b) ethylene bromide, (c) i,l-dibromoethane, (d) bromoethylene, (e) vinyl- 
acetylene, (f) cuprous acetylide, (g) sym-tetrabromoethane? Which of these compounds 
may be converted into acetylene? How? 

3. How is acetylene produced industrially? 

4. A sample of pure hydrocarbon when treated with a solution of bromine in CCU 
quickly decolorised it without the evolution of HBr. What was signified by this test? 

5. To what classes of hydrocarbons may the following belong? (a) CitHa, (b) CtHn, 
(c) CkHw, (d) CuH„. 

6 . By means of equations, show how the following syntheses may be brought about 
in the laboratory; (a) methylacetylene from acetylene, (b) 1-butyne from acetylene, 
(c) 2-pentyne from 1-pentyne, (d) 1,3-butadiene from 2-butene, (e) propyne from 
propene, (f) pentachloroethane from acetylene. 

7. What are commercial sources of low-molecular-weight alkanes, alkenes, and 
acetylene? 

8 . Indicate the reagent or reagents that would be used for carrying out the follow¬ 
ing changes in the laboratory in one reaction vessel: 

(a) CHr-CHr-CasC—H -* CHr-CHr-CsCNa 

(b) CHr-CHr-CawC-H-^CHr-Cw^-CH, 

(c) (CH,),CH—C«C—H(CH,),CH-C«C-Cu 

TEST QUESTIONS, Stf 4 

1 . last the following in order of increasing acidity; methylacetylene, water, acetic 
acid, propene. 

2 . What volume of acetylene, STP, could be made from 40 g of calcium carlnde 
which is only 90% pure? 
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3. How might one remove impurities of (a) ethylene and acetylene in ethane and 
(b) pfopyne in propoie? 

i Given a sample of a clear, colorless liquid known to be either n-hexane, 1-hexene, 
or 1-hexyne, how would one proceed to determine which it is by qualitative test-tube 
experiments? 

5. If 39.2 g of 1,1,2,2-tetrachlorobutane were heated with excess sine dust wd the 
product bubbled through an ammoniacal cuprous chloride solution, what weight of 
preci]Htate would be formed if the over-all yield were 70%? 

6. How could one label bottles containing the isomers 2-butyne and 1,3-butadiene 
by using qualitative test-tube experiments? 

7. yhiaX series of laboratory reactions could be used to convert (a) isopropyl 
alcohol to propyne, (b) 1-butene to 2-butyne, (c) n-pentyl bromide to 1-pentyne, 
(d) 4-methyl-2-hexyne to 2,3-dimethylhexane? 

8. A compound A, CiH*, reacts with ammoniacal silver nitrate ,to form a 
precipitate. Oxidation of A with excess KMn 04 yields an acid of the structure, 
GHf—CH(CH 3 )—COOH. What is the structural formula of A? 

9. Since carbon uses sp hybrid orbitals in HCN, is the HCN molecule linear or 
angular? 

10. Given three unlabeled bottles A, B, and C, each containing a colorless liquid. 
The liquid in A is inert to aqueous KMn 04 , and it is identical to the compound pro¬ 
duced by the reduction of neopentyl chloride w'ith HI and phosphorus. ITie liquid 
in B is found to have a molecular formula of CaHio, adds two moles of bromine 
per mole of CaHw, and pro<luce8 CHa—CHB,—CH*=CH—CHOH—CH| upon 
the addition of HOBr. The liquid in C also has a molecular formula of C|Hm, is 
inert to ammoniacal silver nitrate, and upon hydration in sulfuric acid produces 
CHr-OHr-CO-CHr-CHj~CH,. 

How would you label the bottles? Show how you reached your answer. 

11. When propyne is hydrated in sulfuric acid, CH|—CO^Hi is obtained rather 
than CH|—CHr^HO. What does this show regarding the direction of addition of 
water to propyne? 




Alicyclic Hydrocarbons 


Up to now we have dealt with compounds in which the carbon backbones 
have formed open chains with various degrees of branching. These are clas¬ 
sified as aliphatics. Now we will consider compounds in which the carbon 
framework consists of rings, classified as carbocyclics. There are two types of 
carbocyclic compounds; those with properties resembling the aliphatics, 
called alicyclia, and those that are unsaturated but do not have olefinic 
properties, called aromatics. Aromatics will be discussed in Chapter 7. 

The isolation of compounds with other than six carbon atoms in a ring 
came rather late in the early history of organic chemistry, but now rings of 
four to eight carbon atoms are found in petroleum, and others have been 
synthesized with more than 30 carbon atoms in a ring. Many of the large 
ring compounds have odors of natural musk, cedar, etc., and are used in 
perfumes. 

5.1 NOMB^CUTURE 

The cycloalkanes may be thought of as the products of joining open-chain 
alkanes together by the end carbon atoms through the loss of two hydrogen 
atoms. Their family empirical formula therefore has two less H’s than the 
alkanes, giving The cycloalkenes have the formula which is 

the same as that for open-chain alkynes. Thus, each loss of two H’s from the 
empirical formula of the alkanes, C JIih-ii indicates the presence of an addi¬ 
tional bond between two carbon atoms, either another multiple bond or an 
additional ring. The saturated alicyclic hydrocarbons, cycloparaffins, are 
also called naph^mes in the petroleum industry because some of them have 
been isolated from the naphtha fraction of petroleum. Ni^hthas are cuts 
overlapping the ligroin and gasoline fractions of petroleum and are used as 
solvents. In naming the alicyclics, one merely uses the system used for the 
aliphatics and adds the prefix cydo. Thus, the body of the name denotes the 
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number of carbon atoms in the ring, the suffix indicates the class, the prefix 
shows what substituents are present and where, and positions in the side 
chain are denoted by the Greek alphabet Several examples will serve as 


illustrations. The carbon atoms may be numbered clockwise or counterclock¬ 
wise, and by convention one usually starts at the carbon atom which determines 

the class. 

CH, 

1 

CH, Br CH, 

/ \ 1 / 

CH, 

CH 

H,C CH—CH—CH 

HiG^ \hi 

\ 

1 J, \ 

HC CH 

H,C CH, CH, 

1 1 

II 11 

\ / 

HiC-CH, 

HC CH 

CH 

\ / 

1 


CH, 

Cl 

Cyci(^)eiitane 

3-Methyl-l,4- 

l-Chlort>-3- (a-bromo-^ 


cyclohexadiene 

inethylpropy])-cyclohexane 


For convenience and simplicity, aliphatic rings are often represented by 
polygons, and it is understood that there is a CH| group at each corner 
unless some substituent is indicated. For example, 

Q 0 

Cyclopentaoe 1,3-Cyclohexadiene Methylcyclopropane 



5.2 PREPARATION 

There are many methods for forming alicyclic rings, but only a few of the 
most common procedures will be given. Alicyclics are grouped according to 
their ring sizes as follows: 

Small Ci and €« Medium Ca-Cn 

Regular Ct-Cj Large Cu and luger 

Certain preparative methods are better than others for a given ring size and 
tiiis factor must be considered in choosing a procedure for the prepuation of 
an alicydic. 
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1. Prolysis of divslent metal salts of dicsrboxyllc acids‘ 


0 




M - Ca, Th, Mn, etc. A cycloalkanone 

or 

cyclanone 


This reaction was the first used for the preparation of large rings although 
the yields were very low (0.1-8*^). It can be used to prepare the regular 
ring-size compounds in reasonably good yields and should be restricted to 
this size ring. The cyclanones can readily be reduced to the corresponding 
cycloalkanes or cycloalkanols and the latter converted into cycloalkenes. 




C—0 



Zn(Hg).. HCI 



I LiAlHi 
or 

|Zii, AeOH 





CH 

/ 


2. Freund reaction 



CHr-X 

CHr-X 


Zd 


(CH,)„ 



CH, 

I 

I -t- ZnX, 
CH, 


n = 1-4 


* L. Ruiicka, el aL, Helv. Chim. Acta, S, 499 (1926); 16, 1459 (19.12); Anhydrous KF has 
been found to be a catalyst for the conversion of adipic acids to the corresponding cyclo- 
pentanones in good yields. The generality of this reaction for other size rings has not been 
noted. L. Rand, et al., J. Org. Chem., 27, 1034 (1962). 
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This method is one of the few that gives satisfactory yields for small ring 
compounds. The reaction is conveniently run at room temperature in form- 
amide as a solvent. An example of its application is the following; 

CHr-€H-CHr-GH-C,Hi ^ CH,-CH-CH-C,H| -I- ZnBr, 

I 1 \ / 

Br Br CH, 


3. Acyloin condensatioa 

' COjR N, 


(CH,). 


Co,R*y'»« 


(CH,). II 

•ol vent C- 


-ONa u,o‘ 

r ^C-OHI 


3—0 


(CH,),1| 

(CHs)ii 

H 

■ONa 

L ^C-OHJ 


/ 

"1 


\ 


n > 6 


OH 


This method is applicable for rings of 8 or more carbon atoms and is the best 
method for the medium-size rings. The —CO—CHOH— grouping can 
easily be changed into several others by methods to be taken up later: 



—CO—CO~ 

—CHOH—CHOH- 
-CHOH—CHr- 
—CH,—CH,— 

—CH=-CH— 

—CsC— 


4. Use of carbenes 

Carbenes are unstable fragments in which carbon has a pair of unshared 
electrons, RCH:. The simplest member is methylene, : CH,, mentioned 
earlier ([Mige 89). Very often the dihalocarbenes, : CX,, are used because 
of their greater stability and end use of the products obtained. Carbenes are 
prepared by a variety of methods, but three common methods are the follow¬ 
ing: 

Methylene 

CH,I, -h Zn(Cu) : CH, -|- Znl,. 

AlkylmeOiylene, RCH: 

RCHN,-!iiRCH: +N, 

An aliphatic 
diaiBo compound 
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Dihaloearbene, ■ CXi 

HCX, ^ 

or X,C-COJ^all^=:^ :CX, 
or X,C-€OCX,J 


CarbeneB are generally prepared in solution in the presence of the compound 
with which they are to react. Carbenes add cis to C=C bonds to produce 
substituted cyclopropanes: For illustration, as-3-hexene gives pure as-1,2- 
diethylcyclopropane and ^rans-S-hexene gives only the ^rans-l,2-diethylcyclo- 
propane with • CHj. 


CiH, C,H5 CjHfi 

CH,I, + \- 


/ 


C,H. 


/ \ / \ / \ 

H H H CH, H 


CjH. 


H 


C,H. 


CH,I, + 


Zn(Cu) V 


c=c 

/ \ 

H C,Hi 


/ 


H 


EtiO ^ ^ 

ch; c,h, 


Furthermore, carbenes add almost exclusively 1,2 to a conjugated or 
cumulated diene system. 


H,C-=C=CH,+ :CX,-^ 


CH, 

CH=CH, + :CC1, 


H,C- 




-C=CH, 


CH, 

/ 

H,C-C 

\h—CH, 

/ \ 

Cl Cl 


In selecting a method for the preparation of an alicyclic compound from 
an aliphatic compound among those given here, one would give consideration 
to ring size as follows: 


Small rings 
Regular size rings 


Medium size rings 
Large rings 


Method oj Choice 

Freund reaction or use of carbenes 
Freund reaction or pyrolysis of salts (and 
Dieckmann condensation given later. 
Cf. page 379). 

Acyloin condensation 
Acyloin condensation 


A few other methods will be added to this list later. 
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5.3 PHYSICAL AND CHEMICAL PROPERTIES 

Although there is a trend of increasing melting and boiling points with 
rise ip molecular weights of the alicyclic hydrocarbons, there is some fluctua¬ 
tion in values (see Table 5.1). 


TABLE S.\. PHYSICAL CONSTANTS OF SOME AUCYCUC HYNOCAUONS 


Name 

Melting 

Point 

Boiling 

Point 

Sp. Gr. 

(liq.) 

Cyclopropane 

-127 

-33 

0.688 

Cyclobutane 

-80 

13 

.704 

Cyclopentane 

-94 

49 

.746 

Cyclohexane 

6.5 

81 

.778 

Cycloheptane 

-12 

118 

.810 

Cyclooctane 

14 

149 

.830 

Methylcyclopentane 

-142 

72 

.749 

Methylcyclohexanc 

-126 

100 

.769 

Cyclopentene 

-93 

46 

.774 

Cyclohexene 

-104 

83 

.810 

1,3-Cyclopentadiene 

-85 

42 

.798 

1,3-Cyclohexadiene 

-98 

81 

.840 

1,4-Cyclohexadiene 

-49 

87 

.847 


The chemical properties of alicyclics are quite similar to those of aliphatics, 
although the presence of a ring will make certain differences. For example, 
cycloalkanes, like alkanes, are inert to oxidizing and reducing agents, ozone, 
and acids and bases, but are smoothly halogenated. The ring geometry, 
however, gives the cycloalkanes a symmetry which makes all the hydrogen 
atoms equivalent. Accordingly, each cycloalkane gives rise to only one 
monobromination or monochlorination product, whereas an alkane will 
produce several. Thus, there are three bromo-n-pentanes but only one bromo- 
cyclopentane. Irrespective of which hydrogen atom in cyclopentane is re¬ 
placed, the product is the same, for each product fits the same mold and 
merely differs in its orientation in space from the others. £.g. 


H, 

H,C CH. 

\ / 

H,C-CHi 


On the other hand, when a second substitution is made, a hydrogen may be 
placed on the already substituted carbon or on the C| or C* carbon atom of 
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the cyclopentane ring. Thus, there can be 1,1-, 1,2-, or 1,3-dibromocyclo- 
pentane. Furthermore, if one of the tatter position-isomers is produced, the 
two bromine atoms may be on the same side of the ring or on opposite sides. 
The isomer with the two substituents on the same side is a cia isomer and 
that with substituents on opposite sides of the ring is a tram isomer. Hence, 
there is the ct8-l,2-dibromocyclopentane and the iran8-l,2-dibromocyclo- 
pentane. These are geometric isomers, and both are position isomers of the 
1,1-dibromocyclopentane. Furthermore, there is no plane of symmetry in 
the <rarw-l,2-dibromocyclopentane. It will be recalled from Section 1.6 that, 
as a general rule, when there is no plane of symmetry in a molecule, two 
such molecules will exist which are mirror images of each other. Thus, there 
is a dextrorotatory and a levorotatory iran8-l,2-dibromocyclopentane. 


^ s 

♦ ‘v, 

I ''^Plane of symmetry 
H 



ns-J ,2-Dibroino('yclopei)tune 


H 


C 

h/“ \b. 

h\| 1/ H 

c-c 


I 

H 


Br 


H 



Br H 


Nonaiiperponable mirror images of 
IraTM-1,2-dibromocy clopentane 


Racemic dl-(rans-l,2-dibromocyclopentane is very difficult to resolve, but 
d(-frana-cycloprop8ne-l,2-dioarboxylic acid has been resolved, as well as many 
other aqrmmetrio alicyclic racemates. 




146 


TEXTBOOK OF ORGANIC CHEMISTRY 



m-Cyclopropane- 

l, 2H(licarboxylic 
acid 

m. p. 139“ 



C 

I 

COOH 



C 


HOOlC 


d- and I-fomu of (rafM-cyclopropane-l,2-dicarboxylic acid 

d{-Bcid;in.p. 175° 

d-acid, in.p. 176°; f-acid, m.p. 176° 

Wd - ±84.4° 


Another property exhibited by alicyclic compounds attributable to the 
presence of the ring structure is ring-strain. There are three types, commonly 
referred to as bond-angle or Baeyer strain, Filter strain, and transannvlar 
strain. For illustration, cyclopropyl groups resemble ethylenic groups to a 
certain extent in that both types undergo addition reactions. 

CH^CH, -h Br, Br—CH,—CHr-Br 


and 


H,C-CH, + Br, Bi—CH,CH,CH,-Br 

\ / 

CH, 

H,C-CH, + HBr CH,-CHr-CHr-Br 

\h/ 

0 0 

II II 

CH*-=CH-€—CH, + HCl Cl—CH,CH,-C—CH, 

0 0 

II II 

H,C-CH—C—CH, + HCl Cl—CH,CH,CHr-C—CH, 

\ / 

CH, 


Cyclopropane and cyclobutane also add hydrogen, although cyclobutane 


H,C^-CH, + H, 

\ / 

CH, 



CHr-CHr-CH, 


CH,-CH, + H, ^ CHr-CHr-€Hr-€H, 


requires a h^her temperature. The higher cycloalkanes do not undergo 
addition reaetioas and are inert to hydrogen at temperatures below that 
whm thermal cracking begins. To explain this olefinic character of cydo- 
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propane and its derivatives, Baeyer* proposed in 1885 the idea, that since 
cyclopropane is an equilateral triangle, the carbon bonds form angles at 60°. 
Normally, the four valences of carbon point toward the comers of a tetra¬ 
hedron, forming interbond angles of 109°28', or approximately 110°. Hence, 


each carbon bond in cyclopropane is bent inward 


no - 60 
2 


25° from its nor¬ 


mal bond angle. This creates a bond strain within the molecule, and the 
molecule tends to relieve this strain by opening the ring through addition 
reactions. Baeyer computed the angles of distortion for ethylene and cyclo¬ 
propane to cyclohexane as follows; 


CH2=CH, 


HjC-CH, 

\ / 

CH, 

H,C-CH, 



no - 0 
2 

no - 60 
2 

110-90 

2 


= 55“ inward 
■= 25“ inward 


= 10” inward 


CH, 


H,C 108 ' 

I 

H,C- 


CH, 

I 

CH, 


no -108 
2 


1“ inward 


CH, 

/ \ 

H,C CH, . 120 - no 

I I ■ 2 

H,C CH, 

CH, 



5“ outward 


9.5“ outward 


It can be seen that alkenes have the greatest strain, which partially accounts 
for their high reactivity in addition reactions. Cyclopentane is virtually free 
of ring-strain. According to Baeyer’s idea, cyclohexane should have a small 

' AdoU voD Buyer, a German organic chemist, received the Nobel Award in chemistry 
in IRM. 
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rinK-^nun and cyclaheptane ehouJd have as much attain aa cyclobutana. 
Neither of these expectations is observed. Sachse (1890) offered an explana¬ 
tion for this discirepancy by suggesting that rings of five carbon atoms or 
fewer are essentially planar with respect to the carbon atoms, while those of 
six or more are puckered. Thus, cyclohexane has what is called a chair con^ 
formation. 



Ohair ronlormation of ryclohexane 

Fifl. 5.1. 


It is found from thermochemistry that for a series of related compounds, 
the more stable the compound the smaller is its heat of combustion. On this 
basis, the instability of cycloalkanes relative to n-alkanes has been computed 
as given in Table 5.2. 


TABLE 5.2. RING-STRAIN IN CYCLOALKANES 



Ring-strain 

3 

27.6 kcal/mole 

4 

26.2 

5 

6.5 

6 

0 

7 

6.3 

8 

9.6 

9 

12.6 

10 

12.0 

11 

11.0 

12 

3.6 

14 

0 

16 

1.6 


The ring-strain in cycloalkanes is shown in Table 5.2 to be very large for 
small rings, passes through a minimum with the normal-size rings, reaches a 
maximum with the medium-size rings, and falls off again to a low value for 
the large rings. 

Baeyer's bond-angle strain proposal accounts for the large strain in the Ci 


AUaCUC HYMOOilOHS 


\49 


and Ct riogB, u well as for the oleGnie character of c^opropyl derivatives. 
His notion, however, does not explain the lack of stram in cyclohexane nor 
the much greater ring-strain of cyclobutane over that of cycloheptane. It is 
observed that cyclopentane has some ring-strain although it should have no 
bond-angle strain. Apparently there is some other type of strain in the mol¬ 
ecule. Examination of a model of cyclopentane reveals that the five carbon 
atoms are planar and the hydrogen atoms are eclipsed across each C—C 
bond. Thus, there is a repulsion between the adjacent hydrogen atoms as 
there is in the eclipsed structure of ethane. This produces a certain strain rela¬ 
tive to an open chain, where the CHi groups can have a staggered trans 
conformation. This type of strain is called Pitzer strain. Note from models 
that the CHi groups in the chair conformation of cyclohexane are staggered 
across each C—C bond. Thus, the molecule has no bond angle strain or 
Pitzer strain. 

By a twist of the C« ring, the chair structure can be transformed into a 
boat structure. 



H 


This brings the hydrogen atoms on the bow and on the stem carbon atoms 
very close to each other. The ensuing repulsion makes the boat conformation 
unstable relative to the chair by about 6 kcal/mole and accounts for the 
fact that at ordinary temperatures cyclohexane exists entirely in the chair 
conformation. This strain due to repulsion between atoms across a ring 
(between atoms attached to ring atoms at least two carbon atoms apart) is 
called transannular strain. This is the type of strain found in the medium-size 
rings. Apparently these rings have conformations which bring certain atoms 
across the ring very close together and lead to many transannular reactions. 
For example, when bromine is added to cyclodecene, instead of getting the 
1,2-addition product, one gets a 1,6-dibromocyclodecane. 
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In summary, the principal types of strain in the cycloalkanes is as follows: 

C|, C 4 Bond-angle, some Pitzer. 

C*— C7 Pitzer 

C«—Cii Transannular, some Pitzer 

>Cii Pitzer 

Because of bond angle strain, the Cs ring is the smallest ring in which the 
CssC bond has been found (recall that the —CsC— link is linear), and 
the Cs ring is the smallest ring in which a trans C»C bond has been observed. 

One more aspect of the alicyclic rings to point out is that the rings larger 
than Cs undergo various distortions and inversions. The cyclohexane ring 
has been studied the most. In the chair conformation there are C—H bonds 
of two types. Six parallel the axis as in 1 and are called axtcU 



I II 


(symbolized a) and six radiate outward at angles of 109.5° to the axis as in 
II, and are called equatorial (symbolized e). The cyclohexane ring is quite 
flexible and one chair conformation III can invert into another chair confor¬ 
mation IV. All bonds which were axial in III are equatorial 



III IV 


in IV, and those which were equatorial in III are axial in IV. The two forms 
are equivalent and indistinguishable when all atoms on carbon are identical. 

In a monosubstituted cyclohexane, the substituent may occupy an axial 
or an equatorial position. A study of scale models shows that the axial CHi 
in III is closer to the axial H’s on the same side of the ring (1:3 diaxial 
repulsion) than the equatorial CH3 is to the adjacent axial or equatorial H's 
( 1 , 2 -repulsion). As a result, conformer IV is more stable than III and, as a 
general rule, substituents preferably assume equatorial orientations. 

So far, the discussion of alicydics has been limited to single-ring com¬ 
pounds. Essentially the same conformational concepts considered already 
apply as well to polycyclic compounds. Decalin, for example, consists of two 
fused cyclohexyl rings in which each ring may assume a chair or boat con¬ 
figuration and the junction between rings may be cis or Irana. 
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Isomer VII is obviously the least stable because of the strain of two boat 
configurations of a cyclohexyl ring. Although either ring of the trans isomer 
could flip to a boat form, both rings cannot invert to the reverse chair forms 
as does cyclohexane. The student should use models to convince himself of 
this. Consequently, frans-decalin is a fairly rigid molecule. 

The fused-ring polycyclic compounds, i.e., those with two or more carbon 
atoms common to two or more rings, are named on a basis of the number of 
atoms in the carbon-framework, the number of rings involved, and the num¬ 
ber of atoms in each bridge. Some examples are given below for illustration. 


CO 

Bicyclo[4,4}decane 

or 

decalin 



Tricyclo[2.2.1*>®]heptane 1-Broinobicyclo[2.2.2]octr 

2-eiie 



1 1 7,7-Triinethylbicy clo[2.2.1] heptr5-ene-2^one 1,7,7-Triniethylbicyclo [2.2.1 Jheptane 
or 5,5-dehy(lrocainphor or bornane 

The prefixes nor and homo are used with the name of a parent compound to 
indicate one fewer or one more carbon atom, respectively, than in the parent 
compound. Actually, norbomane should be trisnorbornane, since it has three 
fewer carbon atoms than bornane, but for simplicity the tris has been dropped. 
The prefixes endo and exo refer to groups being on the same or opposite 
sides of a bridge, and anti and syn are used with groups on a bridge : 
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Endonorbornyl toeylate Exo-norbornyl brosylate Aiiti-7-norborneoI 

(Ts “ p-CHj-C»H<-SOi Brs * P'Br-CiH4-SOs) 


A method often used for the preparation of some of these norbornene 
compounds is the Diels-Alder reaction with cyclopentadiene. 


CH—CHO K 


+ II 


CHO + 


CH, 

Other bicyclo and tricyclo compounds will be mentioned in the section on 
terpenes. 

Unsaturated alicyclics may be hydrogenated as was described for alkenes, 
and they may be dehydrogenated. Again, the methods of dehydrogenation 
differ for laboratory and industrial scales. Commercially, dehydrogenation 
is carried out over catalysts made from chromium, silicon, iron, or other 
metals. This is a form of the aromatization process mentioned in Section 2.9f 
and discussed in Section 8.1, whereby aromatics are made from aliphatics. 


CHz CH 

CH,-CH,-CHr-CHr-CH,-CH, \h 

Fe—8n i i Fe—Sn I ii 

Hsi in, ni Hh 

V / \ / 

CH, CH 

n-Hexane Cyclohexane Benzene 


In the laboratory, dehydrogenation may be accomplished by heating the 
alicyclic with selenium or sulfur. 


CH 

HC CH, 


CH, 

H,C^ \h, 

! 1 -^s I 

H,C CH, ^ H,C CH, 

CH,"^ \Hi^ 


I +28^:^ 


CH 

/ \ 

HC CH 

I II 

HC CH 

\ / 

CH 


Certain reactions of unsaturated alicyclics also reveal the presence of a 
ring structure. Ozonolysis of cyclohexene, for example, does not give two 
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aldehyde mdecoles, but m open^hun molecule with two aldehyde groups. 
Similaily, its oxidation gives a single molecule with two cuboxyl groups. 


HiC 


CH» 

/ \ 


CHi 






\ 


CHO 


H,C CH 

\ / 

CH, 


CH, CHO 

\ / 

CH, 


sEMoOs 


CH, 

, / \ 

CH, COOH 


CH, 

\ / 

CH, 


COOH 


5.4 STEREOCHEMISTRY OF REAaiONS 

The alicyclic compounds provide the best system for the elucidation of 
the stereospecificity of addition and elimination reactions. It is therefore 
appropriate to discuss the mechanisms of some of these reactions here. 

Additions 


H, 


\ / 

C=C 

/ \ 


Hi 

cat. 


-C-C- 

I I 

H H 


Catalytic hydrogenation goes by a ct's addition, thus 2-butyne gives cis- 
2-butene. The most active catalysts are platinum, palladium, and Raney 
nickel, which can usually be used at low pressures and temperatures. Other 
metals such as copper, cobalt, or iron require high pressures and temper¬ 
atures. The reactant sits on the surface of the catalyst and hydrogen ap¬ 
proaches the C=C or CsC bond from one side, possibly the catalyst side, 
with hydrogen dissolved in the catalyst. For this reason, the C=C bond 
must be able to get close to the surface of the catalyst and occasionally 
steric conditions about the C=C bond prevent this close proximity to the 
surface and hydrogenation cannot proceed. 

Xt, HOX, HX 

It was pointed out in Section 3.4a that these reagents add by a trans, 
polar mechanism. Thus, bromination of maleic acid (V) gives a racemic 
mixture of the dibromide (VII plus VIII) whereas fumaric acid gives the 
meeo isomer (XII). 
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H COOH 

W 

H 

> 

COOH 

KV 

H 

COOH 

f 

I = 

Br--^ 




H COOH 

h'^ 

COOH 

H 

COOH 

V 


VI 

VI 



With inveriion 
of the oorbon 
Attacked 


1 


COOH COOH 



COOH COOH 


VII VIII 


When bromine reacts with the alkene V to produce the intermediate or 
transition state VI, then Br~ ion approaches from the rear and may attack 
either carbon atom. The attacked carbon atom undergoes a Walden inversion 
whereby reaction with the top carbon yields VII and reaction with the 
bottom carbon atom yields VIII. VII and VUI are mirror images and there¬ 
fore there results a racemic mixture. A similar reaction with fumaric acid 
yields only one product. 


H 



CO,H 


IX 


X 


X 


XI 
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Eliminations 

Dehydrohalogenation and dehydration take place by a Irons polar ste];>' 
wise or concerted mechanism. This was described in Section 3.2a, and the 
stereospecific course of the reaction can be illustrated by the dehydrohalogena- 
tion of menthyl and neomenthyl chlorides. 



Menthyl chloride does not give any S^methene because there is no H on 
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The MtdwB in the ester account for the final positions of the electrons and 
are not intended to mean that the electron-shift must be in the direction 
shown. Arrows in the opposite direction would also be valid. Various systems 
undergo such eliminatioi>s. 


CRi“CRj 
/ ’'-X 500* 

0 ) H—» 

\ * 
CR=iCR, 


CRj“CRi 


+ 

0 H 




This is the only known way to prepare this conjugated triene, which is an 
isomer of p-xylene (p. 212). All other elimination methods of producing this 
system catalyze its isomerization to the more stable p-xylene, which is the 
only product. This shows that heat alone up to about 550° is really not a 
drastic condition, for this highly sensitive unsaturated compound can be 
produced under these conditions. Cold, concentrated sulfuric acid is far more 
severe, in which the hydrocarbon would rapidly react to give other substances. 
At higher temperatures, free radical random cracking sets in and a number 
of products are formed. 

Not only the cis or trans course of addition and elimination reactions is of 
concern but also the question of which adjacent carbon atom will add or lose 
the proton. As a generality, additions are in accordance with Markownikoff's 
rule and eliminations follow Saytzeff’s rule. However, hydration via the 
hydroboration reaction goes anti-Markownikoff, and anti-Saytzeff elimina¬ 
tions (called Hofmann eliminations) occur (1) with ester pyrolysis, (2) with 
onium compounds, and (3) when groups in the olefin would be spatially 
crowded (steric hindrance). For example, 

CH, CH, 

I 5oid or bue 

H,c_C_CH,CH,CH, 4 C«=CH-CH,CH, 

I / 

X CH, 

Saytieff eliminatioa, 

76% yield 
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CH, CH, 

I SOf^ I 

CHr-C—CH,-CHiCH, CH,-=C—CH,CH,CH, 

I Hofmann elimination, 

OCOR 100 % yield 

CH,—CH^CH—CH, -j* CH,—CH,—CH=CHi 

I Hofmann elimination, 

S"*" 74% 3deld 

H,C^ %H, 


CH, 

CH, 

1 

CH, 

CH, 

/ 

1 

CH,—C-CH; 

r-C-Cl^ 

1 

CH,—C—CHr 

-/ 

1 

1 

1 

\ 

CH, 

CH, 

CH, 

CH, 


Hofmann elimination, 
81 % 3deld 


The stereochemical course of a reaction is influenced some by experimental 
conditions. We have seen that two or more products can be produced in 
most organic reactions. In some cases, the major product is the one produced 
by the fastest reaction, and in other instances, the most stable product is 
the principal product. The former case is said to be kinetically controlled and 
the latter is thermodynamically controlled. For example, when 2-phenyl-2-butyl 
acetate is heated in acetic acid at 50” in the absence of any added catalyst, 
an elimination reaction occurs to produce three products; 

OAc CH, H CH, CH, 

CH,—C—CH,CH,-^ ^C=C^ + ^0=0^^ + 

I “" / \ / \ 

<t> <t> CBi 4> ¥1 

(rarw-2-Phenyl- cw-2-Phenyl- 

2-butene, 2% 2-butene, 53% 

CHiCHa 

/ 

CH,—C 

\ 

0 

2-Phenyl- 
1-butene, 45% 

If then a trace of strong acid is added to the mixture of alkenes, the alkenes 
are converted to the equilibrium mixture in which most of the 1-butene is 
changed into 2*but6ne and the more stable cia isomer predominates. 
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CHa H CH, CH, 

H* \ / \ / 

Initial mixture —♦ C»=C 4- C=C + 

50 " / \ / \ 

4 > CHa 0 H 

16% 81% 

CHaCHa 

/ 

HaC^C 

\ 

4 > 

3% 

Thus, the kinetically controlled product-mixture is converted into the 
thermodynamically controlled product-mixture. The latter mixture is also 
obtained if the original elimination is carried out in the presence of strong 
acid. Other examples of kinetically controlled products vs. thermodynamically 
controlled products are mentioned on pages 217 and 542. 

This chapter has presented some of the basic chemical and physical prop¬ 
erties of the alicyclic hydrocarbons and their simple derivatives. Their 
properties are of special interest for application to certain types of natural 
substances such as the steroids (e.g., cholesterol), the terpenes (e.g., camphor), 
and the alkaloids (e.g., strychnine, nicotine, morphine, etc.). Some of the 
chemistry of these more complex substances will be discussed in later chapters 
of this book. 

STUDY EXERCISES 

1 . Give general equations for two methods of preparing cyclopropyl derivatives, 
two for preparing normal ring-size alicyclics, and one method for preparing medium- 
si^e and large ring compounds from aliphatic compounds. 

2. Starting with 1,6-dibromohexane or HO 2 C—(CHa)^—COOH, what series of 
reactions would you use in the laboratory to prepare (a) chlorocyclohexane; (b) 1,3- 
cyclohexadiene; (c) 1 , 2 -dibromocyclohexane? 

3. Write the structural formula for cts-3-methyl-4-bromocyclohexane. 

4. Write structural formulas for all possible isomers of 1,3-bromochlorocyclo- 
hexane. 

5. On the basis of the information given, how many rings does each of the following 
compounds contain; 

(a) a terpene, CioHi®, takes up no hydrogen; 

(b) a terpene, CioHia, reacts with bromine to form CioHieBri; 

(c) a steroid hydrocarbon, C 27 H 4 B, does not add hydrogen; 

(d) a hydrocarbon, C 14 H 10 , adds hydrogen to form C 14 H 24 ; 

(e) a hydrocarbon, CibHh, absorbs hydrogen to form CisHio- 

6. Name the following compounds: 

CS) 
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7. Propose a synthesis of the compound 


0 



8 . Account for the fact that traru-decalin is more stable than the cts isomer. 

9. Acetylene and ethylene react with cyclopentadiene in a Diels-Alder reaction 
under pressure and at elevated temperatures. Propose structures for the two products. 

10 . Suggest a route for the synthesis of l,l-dimethyl-2,2-dibromocyclopropane. 


TEST QUESTIONS, Set 5 


1 . What straight-chain compound would result from vigorous oxidation of cyclo- 
hexanol? Of what practical use is this reaction to the plastic industry? 

2 . Would either cis- or trans-cyclohexane-l,4-dicarboxylic acid be asymmetric? 

3. Which of the following are asymmetric; 

trane^l ,4-dibromocyclohexane 
frans-l,3-dibromocyclohexane 
cifi-1,3-dibromocyclohexane 
frarw-l-bromo-4-chlorocyclohexane 
ciVl-bromo-4-chlorocyclohexane 


4. A compound of formula CsHm is known to l>e 2-pentene, cyclopentane, or 
1,2-dimethylcyclopropane. How could one determine, by qualitative test-tube experi¬ 
ments, which of the compounds it is? 

5. An oxidation of maleic acid gave meso-tartaric acid, whereas a similar oxidation 
of fumaric acid gave a racemic mixture of d- and f-tartaric acids. Offer an explanation 
for the type of products obtained. 


CO,H 

H—i—OH 
H—i—OH 

ioji 

MeBO-tartaric acid 


CO,H 

H—A—OH 
HO—A—H 

Ao,h 

d- or /-Tartaric acid 


6 . An alkene A was prepared by the dehalogenation of an alkyl dihalide with 
zinc dust. The alkene was then treated with ozone to produce 


CHji—CH*—C«0 and (CHO^CH—C*0. 

Ah, i 


What would be the structure of the glycol obtained if the alkene A is oxidized with 
hydrogen peroxide in glacial acetic acid? 

7. An alkene W was oxidized with KMnOi in aqueous NosCOi to yield 


CHi-CHi-CH, 


OH OH 


CH,—CH, 
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If the alkene W is treated with osone and the resulting ozonide is hydrolyzed to yield 
two carbonyl compounds, what would be the structures of the two carbonyl com¬ 
pounds? 

8. Given three unlabeled bottles A, B, and C, each containing a colorless liquid. 
The liquid in A is inert to aqueous KMnOi, and it is identical to the compound pro¬ 
duced by the reduction of isopentyl bromide with HI -|- phosphorus. The liquid 
in B is found to have a molecular formula of CtHio, adds one mole of Br: per mole of 
CbHio, and upon treatment of B with ozone and hydrolysis of the ozonide, one gets 
0»CH"-(CH2)4~CH0. Compound C, also with molecular formula C 6 H 10 , adds two 
moles of Br: and gives a precipitate with ammoniacal silver nitrate. Deduce the 
structures of A, B, and C from these data. 

9. Starting with l,6-dibromo-5-methyl-3-hexene, what series of laboratory re¬ 
actions w’ould you use to prepare l-methyl-l,3-cyclohexadiene? 

10. AVhen a 1.65-g sample of a mixture of cyclohexane, cyclohexene, and 1-hexyne 
was reacted with excess bromine in the dark, it consumed 4 g of bromine. When 
an 0.82o-g sample of the mixture of hydrocarbons was reacted with excess ammoniacal 
cuprous sulfate, 0.725 g of the cuprous hexynide (mol. wt. 145) was precipitated. 
What is the percentage by weight of the three hydrocarbons in the original mixture? 

11. Starting with any desired aliphatic compound, indicate the series of laboratory 
reactions you would use to prepare 

CH=CH-CH-CH 

(CH,).. 

12. Two geometric isomers (A and B) of 3,4-dimethyl-l,l-cyclopentanedicerboxylic 
acid (I) are possible. Draw their structures. Upon decarboxylation, isomer A yields 
two isomeric acids of 3,4-dimethylcyclopentanecarboxylic acid and B yields only one 
isomer. Assign structures to A and B. 
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Structure Determination 
by Physical Methods 


We have seen so far that the alkenes, l-alkynes, and saturated hydrocarijons 
can be separated or distinguished by chemical means on the basis of certain 
differences in their chemical properties. These chemical properties are asso¬ 
ciated with the types of functional groups present in their molecular structures. 
Indeed, one of the important steps involved in the identification, distinction, 
or structure determination of a given compound is to make an anal 3 rsis for 
the types of functional groups present. This can also be done on the basis of 
certain physical properties. An empirical approach is generally used here. 
Organic chemists study in detail various properties of compounds whose 
structures are known, and they draw certain relationships between physical 
property and structure. These empirically developed generalizations are then 
used to deduce structures of new compounds or to add supporting evidence 
for previously proposed structures. 

There are two advantages in the use of physical methods of analysis com¬ 
pared with chemical methods; (1) sraaller-size samples are required for'the 
physical methods, and (2) equilibrium mixtures may be studied without alter¬ 
ing the equilibria. Nevertheless, a practicing chemist uses both methods in 
structure determination or functional group analysis, and after this chapter we 
shall use both techniques to complement each other as we study additional 
classes of compounds. It is too early to discuss some of the spectra-structure 
relationships; consequently, such a treatment is postponed until Chapter 21. 

6.1 DIFFRAaiON TECHNIQUES AND BOND DISTANCES 

The most direct of the physical methods for structure determination when 
the experimental results can be interpreted is by diffraction. When a beam of 
X-ra]^ (or electrons or neutrons) of a certain wavelength is allowed to impinge 
upon a sample, the beam is diffracted (scattered) by the atoms in the mole¬ 
cules much like dust particles reflect a beam of sunlight lining through the 
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window. TTie reflected beam of X-rays produces a pattern on a photographic 
plate or other detector plate which must be interpreted in terms of the atonnc 
arrangement within the sample. A complex equation has been developed which 
relates the intensity I of the scattered beam to the intensity Iq of the initial 
beam. I is a fxmction of all interatomic distances, nonbonded as well as bonded, 
and of the scattering angle 6- 

Computations and approximation techniques are very arduous and require 
special training. Nevertheless, highly accurate results are obtainalde, and 
bond distances and angles have been measured in thousands of molecules to 
an accuracy of ±0.02 A. Some common bond distances are given m Table 6.1. 
It must be emphasised that these values are those found in simple molecules. 

TABU 4.1. SOME COVAIMT BOND UNCTHS 


Bond-Type 

Length (A) 

Bond-Type 

Length (A) 

C-C 

1.53 

C-0 

1.43 

C-C 

1.335 

C-0 

1.20 

CmC 

1.206 

C-N 

1.47 

C—H 

1.12 

N-H 

1.03 

Arom. C—C 

1.30 

0—H 

0.07 


It has been found that four factors have marked effects on the length of a 
given bond-type, i.e., C—C, C—Cl, C=0, etc., in different molecules. Thus, 
resonance, hybridization, electronegativity, and steric requirements greatly 
influence bond distances in molecules. We will have an opportunity to observe 
the effects of some of these factors throughout the book. 

The value and importance of diffraction measurements are shown by the 
fact that two Nobel Awards in chemistry were granted in recent years pri¬ 
marily for structure analysis of tremendously complex substances by diffrac¬ 
tion tedmiques. Linus Pauling received the award in 1954, J. C. Kendrew 
and M. F. Perutz in 1962, and Dorothy C. Hodgkin in 1963. 

6.2 DIPOLE MOM&4TS AND BOND DIPOLES 

A body with negatively and positively charged ends is regarded as a dipole, 
evra though it may not have a net positive or negative charge. A dipole arises, 
then, not from a net charge but from a $epar(Uion of charge. The product of 
the magnitude of one of the poles (the center of positive or negative cha^) 
times the distance between poles gives the dipole moment expressed in debye 
units. Thus, polar molecules are those which-have a significant dipole moinmt. 

It is easy to understand that a difference in electronegativity of atoms A 
and B in the bond A—B would cause the electron cloud of the bond to be 
distorted with a larger electron density near the more electronegative atom. 
Hence, the bond becomes a dipole. Symmetrical molecules such as Cl|, BCli, 
CXHii CHi and COi do not have dipole moments; 
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whereas unsymmetrical molecules such as NHi, CHjCli and H|CO do have 


dipole moments: 
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This led chemists to believe that bond dipoles are largely responsible for the 
dipole moments of polar molecules. Although bond dipoles are not the only 
sources contributing to dipole moments, empirical methods have been devel¬ 
oped for assigning moments to various bond-types such that approximate 
moments can be computed for many molecules. For instance, the 0—bond 
moment is calculated from the observed dipole moment of HOH and the 
measured —0— bond angle: 


/ 0 \ 

+ /Oy + 


H IM' H 



Besultant observed dipole 
moment - 1.84D 


The arrows point from the positive to the negative poles. Similarly, the 
N—H bond moment may be calculated from the geometry and observed 


/ N \ 




T 


1 + 
H 


R 


moment of NHi, and the moments of the H—X bonds are taken as the 
moments of the respective hydrogen halides. Since methane has no moment, 
the H|C group moment must have a magnitude equal to that of the C—H 
bond; 

H 

\ 

H-C-H 

/ 

H 
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Then, the moment of the C—Cl bond can be computed from the meaaured 
dipole moment of CHiCl and an assigned C—H bond moment : 

H,C-C1 

H-* Observed moment - 1.86 D 

R 

The C—0 bond moment, for instance, may be computed from the moment 
observed for methyl ether and the C—H (equals the CH| group moment) 


/ 0 \ 



bond moment. In this fashion, bond moments have been worked out for 
various bond-types. Some values are given in Table 6.2. 


TAILC 6.2. SOME BOND DISOIE MOMENTS 



Bond 


Bond 

Bondr-Type 

Moment 

Bond-Type 

Moment 

(+ —) 

(debyes) 

(+ -) 

(debyes) 

H-C„^ 

0.30 

C-F 

1.51 

H-N 

1.31 

C—Cl 

1.56 

H-0 

1.53 

C—Br 

1.48 

H-F 

1.98 

C-N 

0.40 

H-CI 

1.03 

C—N 

0.00 

H-Br 

0.78 

C-0 

0.86 

KS 

0.68 

c*o 

2.40 



N-0 

0.30 


The dipole moment of a molecule can give several types of information 
about its structure. For example, if a molecule has no dipole moment, it 
probably has a symmetrical structure. Or, if one can compute a dipole moment 
for a compound from the table of bond moments in agreement with the 
measured dipole moment, then one has increased confidence in the assigned 
structural formula. We shall see later that dipole moment data are used in 
support of resonance structures proposed for various molecules. 

6.3 MOLECULAR ABSORPTION OF ENERGY 

Light may be regarded as electric charges moving through space in a wave¬ 
like motion. As such, two ways of describing it are to give its wavelength 
and its frequency of vibration. The wavelength is the distance between two 
corresponding points on the path, and the frequency is the number of times 
that one wavelength is traversed per second. Obviously, the longer the wave¬ 
length, the lower is the frequency. The frequency of light determines its 
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energy, and light of high frequency within the range called the ultravidet is 
very powerful. It is capable of causing detrimental reactions within the human 
body, and since ultraviolet light is a component 
of sunlight, long exposures to sunlight are harm¬ 
ful to the skin, Sunburn, for example, is caused 
by the ultraviolet portion of sunlight, and from 
experience we know it can be very painful if too 
intensive. Light of low energy in the range called 
the infrared has a low frequency and long wave¬ 
length. That at the farthest end of this range 
is nothing more than heat energy. It has beneficial effects toward certain 
body ailments and is used extensively in physical therapy. 



Fig. 6.1. 


TABLE 6 . 3 . WAVELENGTHS OF VARIOUS REGIONS OF THE ELECTROMAGNETIC SPECTRUM 

Cosmic Ultra- Visible Infrared Micro- 

Region: Rays 7 -ray X-ray violet Light (Heat) wave Radar Radio 

I /\ I I I I 

Wavelength: (A") 1 4000 8000 10* 10* 10* 10“ 

11 = lO-" cm 


The portion of the spectrum of greatest use to chemists extends from the ultraviolet 
to the microwave region. When a molecule is exposed to a light source, it may absorb 
some of the light energy and certain changes will occur within the molecule. Absorption 
of energy from the far infrared or microwave regions will produce certain types of atom 
or group rotations within the molecule. Absorption of energy from the lower end of the 
infrared region can produce various modes of atom or group vibrations plus the 
rotations mentioned above. Absorption of light energy from the ultraviolet or visible 
regions of the spectrum produces changes in the electronic energy of the molecule in 
addition to vibrational and rotational changes. Changes in electronic energy corre¬ 
spond to alterations in electron configurations. 

A chemist studies these changes in internal energy through spectroscopy. A sample 
is placed between the source of radiation and a recorder. A prism, grating, or other 
device is used to resolve the light source into its component wavelengths, A photo¬ 
graphic plate or photoelectric cell serves as a recorder for the ultraviolet and visible 
regions, and thermopiles or bolometers are used for the infrared region. A s[>ectrum 
of the compound is obtained by hand-plotting or automatically recording the relative 
amounts of absorption of energy at the various wavelengths against the values of the 
wavelengths themselves. The units of wavelength are commonly replaced by their 
reciprocals, imve numbers, for the infrared region. Spectra are designated ultraviolet, 
visible, infrared, microwave, etc., defending upon the region in which they are 
measured. No one form of spectroscopy is universally best; each is used to complement 
the others. 

Spectroscopy has become the most widely used tool in chemistry today. 
It provid^ quick, highly accurate analyses for guidance in research and 
industry, it has contributed to the fundamental knowledge about chemical 
bonding in molecules, and it has led to the elucidation of the structures of 
complex organic and inorganic substances. It is standard procedure now to 
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give certain spectral characteristics of newly isolated or synthesized com¬ 
pounds as a means of their future identification. Consequently, mention will 
be made throughout the text of the application of spectroscopy to a particular 
problem. 

6.4 INFRARED SPEaROSCOPY AND FORCE CONSTANTS 

A good analogy of a covalent bond is to regard it as a metal spring holding 
together two charged balls. Each type of springlike bond has its own unique 
elasticity or natural-vibrational frequency. When a ray of light of this same 
frequency passes the molecule, the molecule absorbs some of the incident 
energy which can be recorded by a spectrophotometer. By studying a large 
number of compounds, chemists observed that certain frequency ranges can 
be associated with certain bond-types. Some of these values are listed in 
Table 6.4. 


TABLE 6 . 4 . INFRARED ABSORPTION FREQUENCY RANGES FOR SOME BOND-TYPES 


Bond-Type 

Frequency 

Range 

H--C.P. 

2850-2960 cm 

H~C.p. 

3010-3040 

H-C^ 

32.50-3300 

C=C 

1620-1680 

C=0 

1650-1825 

C=iC 

2100-2260 

CsN 

2215-2260 


Bond-Type 

Frequency 

Range 

C~0 

1060-1270 cm-i 

C-F 

1000-1400 

C-Cl 

600- 800 

C-Br 

500- 600 

0~H 

3590-3650 

N-H 

3300-3500 

S-H 

2500-2600 


Following the analogy given above, a molecule can be pictured as a mechan¬ 
ical system of balls all interconnected by springs of different tensile strengths. 
When one bond is set into vibration, the entire system is affected, and the 
specific resonant frequency for a given bond will depend upon the entire 
molecule. Thus, the C—H— does not exhibit precisely the same absorption 
frequency in all molecules. Fortunately, the range of frequencies for each 
bond-type is sufficiently narrow so that an observed band can usually be 
assigned to a certain bond-type. Also, a given bond may undergo several t3rpeB 
of vibrations, i.e., it may stretch, bend, or do this in phase or out of phase 
with other atom vibrations. Each different mode of vibration requires a differ¬ 
ent quantity of energy to produce a unique absorption peak. Accordingly, an 
infrared absorption spectrum may be quite complex. See Figures 3.3 and 21.1. 

The resistance to stretching or bending of a bond is noted not only by the 
quantity of energy required to do so but also by the force required. It is 
well known that when a metal spring is stretched, the more it is stretched 
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the harder it is to stretch it further. That is, the force to stretch it is propor¬ 
tional to the dutance stretched. This is expressed mathematically as 

Fax or, better, F- —kx 

where F is the force needed to stretch the bond a distance x, and k\s& constant 
relating the two variables, called the force constant. Force constants are deter¬ 
mined experimentally from Raman spectra. 

When a beam of light passes through a transparent medium and the re¬ 
flected light is viewed at right angles to the incident beam, some of the 
original light rays will be found to have shifted wavelengths. Sir Raman, an 
Indian physicist, was able to show that the spectra of the scattered light, 
called Raman spectra, can be attributed to atomic oscillations in the molecules 
and that bond force constants could be computed from the frequency shifts. 

Force constants are in different ranges for single, double, and, triple bonds: 

Single bonds <7 X 10* dynes/cm 

Double bonds 7-15 X 10* dynes/cm 

Triple bonds > 15 X 10* dynes/cm 

This generalization can be used to provide supporting evidence for the bond 
character of a given bond in a molecule. For example, the bond force constants 
of the carbon-carbon bonds iii benzene are all identical, 7.6 X 10* dynes/cm, 
which is betvA'cen the values for the ethane C—C bond, 4.5 X 10*, and the 
ethylene C=C bond, 9.8 X 10* dynes/cm. This is in agreement with the 
resonance structure and the molecular orbital structure of benzene discussed 
in the next chapter. 

6.5 ULTRAVIOLET SPEaRA AND CHROMOPHOBES 

The absorption of light from the ultraviolet-visible range of the spectrum 
excites valence electrons. These excitations or electronic transitions are de¬ 
scribed in terms of structural formulas as follows, w'here hv represents the 
absorption of light: 



The excited states are thought to resemble the polar structures. The less 
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energy required for these transitions, the longer is the wavelength at which 
light absorption occurs. This will depend upon the polarizability of the elec¬ 
trons involved, which normally decreases in this order: nonbonding, pi, and 
sigma electrons. 

Each bond-type has a characteristic excitation energy and exhibits absorp¬ 
tion bands at certain wavelengths, designated X„. Since all colored compounds 
contain one or more unsaturated groups, these linkages are called chromophores 
(Gr. chrome, color, plus phoros, bearer). As the chromophores absorb light of 
longer and longer wavelength (smaller and smaller energy) the color-producing 
power of the chromophores increases (Table 6..')). 


TAILE 6.3. ABSORPTION WAVELENGTHS OF SOME CHROMOPHORES 


Group 

Example Compound 

Wavelength (A) 

Visible Color 

c=c 


1800 

Colorless 

C=N 

(CHj)jC-CH=N-C(CH3), 

2500 

Colorless 

C=0 

(CH,),C=0 

2800 

Colorless 

N=N 

CHr-N=N-CHa 

3470 

Pale yellow 

C=S 

(CH,),C=S 

4000 

Light yellow 

N=0 

CH,CH2CH,CH,-N=0 

6650 

Blue-green 


Conjugation of chromophores increases the polarizability of the valence 
electrons, and leads to absorption at longer wax'elengths. For illustration, the 
color of the diphenylpolyenes, —(CH=CH)„— <l>, deepens as n increases (cf. 
Figure 2.6 and Table 6.6). Similarly, the color of polynuclear compounds in- 

TABIE 6.6. COLOR AND UGHT ABSORPTION OF DIPHENYLPOLYENES, ^CH=CH).—0 


Value of n 

Color of Compound 

Wavelength of Principal 
Absorption in Benzene (A) 

1 

Colorless 

3190 and 3060 

2 

Colorless 

3520 and 3340 

3 

Pale yellow 

3770 and 3580 

4 

Green-yellow 

4040 and 3840 

5 

Orange 

4240 and 4030 

C 

Brown-orange 

4450 and 4200 

7 

Red-orange 

4650 and 4350 

11 

Violet-black 

5300 and 4930 

15 

Green-black 

5700 and 5320 


creases as the extension of the conjugated system increases. Two illustrations 
are given on the next pi^e. 
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x.(A) 

Benzene 2030 



Biphenyl 2515 

Terphenyl 2800 



poro-Polyphenyls 
n = 2 3000 

n = 3 3100 

n - 4 3175 



Benzene Naphthalene Anthracene Naphthacens 

colorleee colorlees buff color yellow 


= 2030 k \n = 3140 A = 3800 A X„ = 4800 A 



Some groups do not make molecules colored, but increase the coloring power 
of chromophores. These groups are called auxochromes (Gr, auxo, increase). 
The most common auxochromes, listed in decreasing effectiveness, are —NR*, 
—NHj, —OH, —OCH 3 , —X, —R, where X is a halogen and R is a saturated 
alkyl group. For illustration, polyaminobenzenes are colorless because the 
NH* group does not impart color, and nitrobenzene is colorless because the 
color-producing power of one NO* group is too weak to impart color. However, 
nitroanilines (OjN—C*H 4 —NH*) are yellow because the NH* group increases 
the color-producing effect of the NO* group. 

There may be more than one absorption band in the UY spectrum of a 
molecule because several types of electronic transitions may occur. Thus, 
absorption bands can be observed for excitation of pi or lone-pair electrons 
to antibonding orbitals, called r -* t* and n—*r* transitions, respectively, 
or for excitation of the electrons in different chromophoric systems in a 
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molecule, or even for transitions to higher excited states. For example, 
2-methoxy<5-nitroaniline has four absorption bands in neutral or basic solu¬ 
tions (Figure 6.2). Two of these bands, X,„ and X"«, must involve the lone-pair 



2200 2400 2600 2800 SOOO 3200 3400 3600 3800 4000 


yWovelength (&) 

Fig. 6.2. Ultraviolet spectrum of 2-methyl-5-nitroaniline in 0.1 N NaOH (-) and 

inO.lNHjSO*!-). 


electrons of the amino group because these two bands disappear when the 
compound is placed in acid solution wherein the former lone-pair electrons are 
no longer available for easy excitation. 



No lone-pair 
elaotroni on NH* 
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structure determination by rhysical methods 

Band X'm is associated with the excitation 
NH, 

0 ^ 

and \"'m is believed to be associated with an excitation of just the benzene 
ring electrons. 

It is noteworthy that the physical properties discussed earlier provide in¬ 
formation about fundamental characteristics of a covalent bond, such as the 
energy, length, force constant, dipole moment, and infrared absorption fre¬ 
quency of a bond. These properties are all directly or indirectly related to one 
another, and often one is derived from the others. Ultraviolet spectra, on the 
other hand, do not provide information about individual bonds; rather, they 
are characteristic of the systems of multiple bonds over which the electronic 
system is excited. Because of the geometric requirements of multiple bonds, 
the spectra reflect the extent of conjugation of multiple bonds, intramolecular 
spatial crowding of groups (steric hindrance), hydrogen bonding, and other 
structural features to be taken up later. 

6.6 NUCLEAR MAGNETIC RESONANCE SPECRA 

Nuclear magnetic resonance spectroscopy, n.m.r., is one of the newer meth¬ 
ods used by organic chemists and has become one of the most powerful and 
versatile tools available. Atomic nuclei spin and precess in a magnetic field 
like rotating tops in the gravitational field, and certain atoms have residual 
magnetic moments. When one of these magnetic nuclei is placed in a magnetic 
field, it can assume relative orientations with respect to the field which differ 
in energy. If an alternating magnetic field is superimposed upon the stationary 
field, there will be an absorption of energy by the nucleus when the frequency 
(energy) of the alternating field matches the excitational energy between the 
lower and higher energy states (orientations) of the nucleus. For protons in a 
field of 14,092 gauss, for example, this “resonance" frequency is 60 Me 
(megacycles). Now, since electrons revolve around nuclei, the rotating charges 
produce miniature magnetic fields which oppose the external magnetic field 
and therefore partially reduce the external field strength on the nucleus, i.e., 
they partially shield the nucleus from the full force of the external field. This 
shielding effect is related to the degree to which the electrons stay close to the 
nucleus, i.e., increases with the s character of s-p hybrid bonds and with the 
electronegativity of the atom. This magnetic effect is only exhibited by certain 
types of atoms, P**, F*', Cl*‘, C“ (but not C”), and H*. In practice, the 
n.m.r. spectrum for a given-type atom, i.e., H‘, F‘*, etc., is measured for a 


^ NH, 

N H, 

0 
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given compound, and the position of absorption is compared with that of a 
reference compound. The difference in the positions of the peaks is called the 


chemical shift, S 


. Hr - H, 


where Hr and Ha are the field strengths required for absorption by a given 
type atom in the reference compound and the same type atom in the sample. 
Since the electronegativity of a specific atom is influenced by the type and 
position of neighboring atoms, the chemical shifts of chemically nonequivalent 
atoms will differ. That is, n-propane has two sets of equivalent protons, those 
on the Cl and C| atoms are all equivalent, and the two on the C 2 atom are 
equivalent. Isopropyl alcohol has three types of protons, the hydroxyl pro¬ 
tons (a), the proton on the middle carbon atom (b), and one of the methyl 
protons (c). Each type exhibits a different chemical shift, and the relative 
intensities of the absorption peaks are in the ratio a:b;c = 1; 1:6. 


H (a) 

/ 

0 


1 

CH (b) 

/ \ 

H,C CH, (c) 

Furthermore, these magnetic nuclei become "coupled” to neighboring nuclei 
via bonding electrons to produce "splitting” of the principal resonance peaks. 
As a first approximation, there will be n -|- 1 "teeth” in a proton absorption 
band, where n is the number of protons attached to atoms in a positions. 
For illustration, for the three types of protons in CHsCH^OH, the band for 
the CH, protons has three peaks from coupling with the two CH, protons, 
the band for the CH, protons has four peaks from coupling with the three 
CH, protons, each of the four peaks has two teeth from coupling with the 
OH proton, and finally, the OH proton band has three peaks from coupling 
with the two CH, protons. The magnitude of the splitting, called the coupling 
constant J (spread of the teeth), depends upon the number, types, and 
orientations of chemical bonds separating the coupled nuclei. Consequently, 
n.m.r. spectra are examined for chemical shifts and the heights and splitting 
of peaks. These characteristics are then interpreted in terms of molecular 
structure. An n.m.r. spectrum is illustrated in Figure 6.3. 

67 MASS SPEQROSCOPY 

Mass spectroscopy is one of the most recently discovered phsrsical tech¬ 
niques used by organic chemists for structure analysis. 

A sample is vaporised in a mass spectrometer and bombarded vrith an electron 
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Fig. 6.3. N.m.r. spectrum of ethyl acetate at 60 Me. TMS = tetramethylsilane 
internal standard. 


beam. This not only ionizes the molecules but breaks them up into ionized fragments. 
The positive ions are passed into a magnetic field and follow a circular path whose 
radius depends upon the ratio of their mass to charge (m/e) for each particle. Thus, 
for a given charge, they are separated on the basis of mass. A single electron removed 
from the initial molecule produces the parent ion, and this species gives a highly 
accurate value of the molecular weight of the sample. This ion is also usually present 
in the largest amount. The spectrum, then, consists of the m/e values for the various 
fragments plotted against their relative abundances. The largest peak is called the 
base peak and is assigned a value of 100, and the other peaks are reported as per¬ 
centages of the base peak. A mass spectrum is often presented as a two-column table; 
one column gives the m/e values for the principal peaks in the spectrum and the other 
column gives the “per cent of base peak." 

A mass spectrum provides not only the molecular weight of a sample but 
also the molecular weight of its principal degradation fragments. Again, by 
observing the manner in which known structures tend to break up, several 
empirical rules have been developed regarding the fragmentation of molecules. 
For example, some simple rules are the following; 
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Cfii 

in, 

H./ Y 

IV 

6. The compound C6Hr-CH(CHi)—0—CH(CHi)—CjHs has three n.m.r. proton 
peaks at 2.82 r, 5.56 r, and 8.57 r. Assign these peaks to the protons in the compound 
and predict the multiplicity of each peak. 

7. Like ethyl acetate (Figure 6.3), methyl propionate has a singlet, triplet, &nd a 
quartet in its n.m.r. spectrum. How could the two isomeric compounds be distinguished 
by their n.m.r. spectra? 




7 

Benzene and Aromatic Character 


Benzene is generally regarded as the parent of aromatic carbocyclics and 
is produced in the largest amount. At one time, coal was the major source of 
aromatic chemicals; but in the past 20 years, petroleum has become the 
principal source of several commercially important aromatic hydrocarbons. 
Since one-third of all organic chemicals are derived from coal, a brief discussion 
on coal is appropriate. 

7.1 PYROLYSIS OF COAL 

As a result of slow decomposition beginning some 300 million years ago, 
and under the effects of moisture, high temperature and pressure, and little 
air, buried plants were changed into various carbonaceous residues. These 
have been in the form of gases (natural gas), liquids (petroleum), and solids 
(coal, shale rock, tar sands, etc.). The solids are of varying carbon content. 

Per Cent 
Carbon 


Peat. 11 

Lignite (brown coal). 35 

Bituminous (soft coal). 65 

Anthracite (hard coal). 85 

Diamond. 100 


Bituminous coal is the most abundant. Coal deposits are unevenly distributed 
in the earth's crust. Most major deposits seem to be in the temperate zones. 
Asia has about a third, and North and South America more than half of the 
world’s coal reserves. England has turned to digging for coal beneath her 
surrounding seas just as the United States is drilling oil wells beneath her 
coastal areas. It appears that coal is derived from land plants, and petroleum 
from marine organisms. The carbon skeletons form unsaturated rings in coal 
and mostly open saturated chains in petroleum. 

For a number of years, coal was converted to coke by being heated in big 
ovens in the absence of air (pyrolysis). The coke was used in the metallurgical 
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industries as a source of heat and for the reduction of ores. A little less than 
a century ago, chemists learned that valuable dyes, medicinals, exploraves, 
and many other chemicals could be obtained from the liquefiable distillate in 
the coking process. In 1907, Dr. Heinrich Koppers developed the first appara¬ 
tus and method in this country for the economical recovery of chemicals 
produced from coal in the coking process, and what had been a by-product 
grew into a treasure storehouse for the chemical industry. Some of the initial 
products of the coal-tar industry are summarized in Table 7.1. 

TABU 7.1. PRODUCTS FROM THE PYROLYSIS OF ONE TON OF COAL 

P 20 lb. ammonium sulfate 

11,000 cu. ft. illuminating gas (52% Hs, 32% CH 4 , 7% CX)) 

3 gal. light oil 65% lienzene 
15% toluene 
xylenes, thiophene, etc. 

8 gal. coal tar: fractionated to yield 

Middle oil (naphthalene 
phenol 
pyridine) 

Heavy oil (cresol, etc.) 

Anthracene oil (anthracene, creosotes) 

Pitch (the residue; used for roofing and pav¬ 
ing roads) 

1500 lb. coke 

The process consists in heating coal near 1000° in the absence of air. The 
volatile substances are passed through a condenser into a sulfuric acid "scrub¬ 
bing solution.” This dissolves out the ammonia and hydrogen sulfide, while 
the illuminating gas, also called coke-oven gas, passes on. The organics form 
separate layers—one which floats on the sulfuric acid, called ligfU oil, and a 
second, black, foul-smelling liquid which settles to the bottom, called coal tar. 

Twenty pounds of ammonium sulfate from one ton of coal may seem like a 
small amount, but when one realizes that over 100 million tons of coal are 
coked a year, it is seen that more than a million pounds of ammonium sulfate 
are obtained annually from this source. Illuminating gas is now used largely 
as a source of heat. The organics obtained from coal tar will be referred to as 
the respective classes are taken up. 

7.2 STRUaURE OF BENZENE 

Benzene was discovered by Faraday in 1825 from condensates in pipes used 
for conducting coke-oven gas. Its formula was determined by Mitscherlich 
in 1834, and he named it bemin. Liebig preferred to call it benzol, and his 
greater influence is evident since the German name is still benzol. To avoid 
confusion with alcohols, the -of ending was changed to -ene by the British, so 
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that beiuene is its namein English. Later, in 1845, Hofnutnn obtained bensene 
from coal tar. 

The degree of unsaturation of hydrocarbons is indicated by the C/H ratio. 
We have for the alkanes for the alkenes and for the alkynes 

Hence, the formula of benzene, C«Hi, which fits the formula 
suggests a high degree of unsaturation comparable to that of acetylene (CgHi). 
However, when the properties of benzene are compared to those of typical 
unsaturated aliphatics or alicyclics, it is seen that benzene is very unusual. 
Such a comparison is made in Table 7.2. 


TABLE 7.2. COMPARISON OF PROPERTIES OF ALKENES AND BENZENE 


Alkenet 

1. Oxidized rapidly by cold permanga¬ 
nate or concentrated nitric acid. 

2. Add halogens and H]S 04 at 0°. 

3. Easily polymerized 

4. Undergo addition reactions. 


Benzene 

1. Stable to permanganate or concen¬ 
trated nitric acid at moderate tem¬ 
peratures. 

2. iinreactive to halogens and HjS 04 at 0°. 

3. Does not jxilymerize. 

4. Undergoes substitution reactions. 


The reactions of benzene are typically those of aromatic compounds, pro¬ 
vided substituents themselves do not undergo the olehnic reactions. Thus, 
compounds whose formulas reveal unsaturation, but which do not exhibit the 
typical unsaturation properties of alkenes, are said to have aromatic character. 
The greater the difference in properties from those of alkenes, the greater is 
the aromatic character of a compound. Note that aromatic character has no 
reference to the fragrance of a substance. 

One of the most perplexing problems facing chemists has been the structure 
of the nucleus of benzene. Several structures may be worked out for C(H|, such 
as: 

CH^H—C^-OH=CH, 

CH,—CsC— CssC—CH, 

CHr-CsC-CHr-C=C-H 
HCaiC—CHr-CH:— CssCH 

However, there is no reason why any of these should not be easily oxidised by 
permanganate or why they should not exhibit any of the olefin properties. 
In Section 1.4 it was pointed out that, in 1858, Kekul4 introduced the notion 
of the quadrivalenoe of carbon and that single and multiple bonds between 


CH—CH 


\ 


C=CH, 


/ 

CH-CH 

CH, 

II 

C 

CH,-C^^C-CH, 
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carbon atoms may occur in order to maintain this quadrivalence. In 1865 
Kekul^ proposed a cyclic structure for benzene, one of the most important 
contributions ever made to organic chemistry. Although his idea is not 
accepted completely today, it started chemists of his day thinking along 
entirely new lines which led to a rapid development of organic chemistry. 

Friedrich August Kekul6 (1829-1896), one of the most important figures in the 
history of organic chemistry, was a pupil of Liebig (1803-1873). Kekul6 was a great 
teacher and attracted many students, among whom were Van’t Hoff (1852-1911), first 
Nobel Prize winner in chemistry; Emil Fischer (1852-1919), second Nobel Prize 
winner in chemistry; von Baeyer (1835-1917), fifth Nol)el Prize winner in chemistry; 
and Victor Meyer (1848-1897), a leading organic chemist of the nineteenth century. 
Kekul^’s part in the training of such illustrious chemists alone is noteworthy. 

Kekul6's proposal for a dynamic structure of benzene was seeded by a dream, 
He had been working on his textbook when he turned his chair to the fireplace for a 
moment's rest. He fell "half asleep," whereupon he visualized rows of atoms moving in 
twisting, snakelike motions. Suddenly, one of the snakes seized its own tail. Kekul6 
"awoke as by a flash of lightning" and spent the remainder of the night translating 
his dream into two interchanging hexagons of carbon and hydrogen atoms (see below). 

KekuWs structure ( 1866 ): 

CH CH 

/ \ / \ 

HC CH HC CH 

I II ^ II 

HC CH HC 

\ / \ 

CH CH 

Kekul6 proposed alternate single and double bonds around a six-membered 
ring and held the notion that the bonds flipped back and forth, giving rise 
at any instant to the presence of two types of molecules. These would be in¬ 
distinguishable for benzene, but for a disubstituted benzene, such as o-xylene, 
C 6 H 4 (CHj) 2 , there should be two distinguishable isomers. 



HC 

I 

HC 


CH, 

1 

CH, 

1 

1 

C 

1 

c 


/ \ 

C_ 

-CH, HC C—CH, 

—^11 1 

CH 

II 1 

HC CH 

\ / 

\ / 

CH 

CH 

Kekul6’B 

structure for o-xylene 


One isomer has a single bond, and the other a double bond between methyl¬ 
ated carbon atoms. However, not only was it hard for chemists to accept the 
idea of dynamic structures in contrast to static structures, but also no evidence 
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for two different o-xylenes could be found. Consequently, Kekuli^’s structures 
were not completely accepted, and many others were proposed over the next 
fifty years. Some of these will be mentioned here. 

Benzene was known to give only one monosubstitution product; hence, its 
six hydrogen atoms must be e(]uivalent. Therefore, most proposals were based 
on some sort of cyclic structure. 


Dewar’s structure (1867): 


HC 

II 

HC 


/ 

\ 


CH 


\ 


CH 


/ 


CH 

iSn 


If benzene had this structure, the long bond and the double bonds should make 
it reactive like alkenes. Also, the bonding would not differ between adjacent 
and opposite carbon atoms of the ring; therefore, only two disubstitution 
isomers would be possible. Hence, Dewar’s structure predicts properties con¬ 
trary to fact. 


Recently a hydrocarbon with a Dewar-type structure was isolated.* 



R = f-butyl 

However, the isolated compound does not have a planar structure as observed for 
benzene and its derivatives and proposed by Dewar. 

Claus’ structure (1867); 

CH 
HC 
HC 

' E. E. Van Tamelen and B. P. Pappas, J. Am. Chem. Soc. 84, 3789 (1962). 


/ 


\ 


\ 


X 


CH 


/ 


CH 

I 

CH 
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benzene and aromatic character 

The objections to this structure are essentially the same as those against the 
Dewar structure. 


Armtrong-Baeyer’s centric structure (1867): 


/ 

HCn^ 


CH 


\ 

^CH 

^CH 


\ I / 

CH 


Each carbon has its fourth bond directed toward the center of the ring. The 
idea was that, having its fourth valence pointed inward, each carbon was 
chemically inert, thus accounting for the inertness of benzene. However, if 
this were the structure, the fourth valence of each carbon should be independ¬ 
ent of the other five radial bonds, and benzene should react to form CiHtX 
products, where X is any group. Since benzene never forms such compounds, 
this structure was rejected. 


Ladenburg’s prism structure (1869): 

CH-CH 


CH 


CH 


CH 


/ 


CH 


This structure was proposed to account for the inertness of benzene. However, 
with this structure, a trisubstituted benzene, CaHjXi, would have no plane 
of symmetry, no matter which positions the groups held. The lack of a plane 
of symmetry would produce optical isomers, but trisubstituted benzenes are 
not optically active, provided the substituents themselves are not asym¬ 
metric. Hence, the Ladenburg structure was not acceptable. 

Thiele's structure (1899): 

CH 
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Thiele’s theory of partial valences held that the residual valences of the 
Cr—Cl bond of a conjugated system are tied up through mutual neutraliza¬ 
tion to diminish the reactivity of these two carbon atoms. This would occur, 
also, across the single bonds of the two Kekul4 structures. 


CH CH 

/..= \ / 

HC- .CH HC. ■ CH 

II (I ^ i; II 

CH HC ..-CH 


HC... 

/ 

CH 


/ 

CH 


Thiele combined these two alternatives into his single structure given above. 
He thought that the closed conjugated system around the ring makes all of 
the carbons inert, giving the compound aromatic character. However, about 
a decade later, cyclooctatetraene was synthesized. 


CH-CH 

/ \ 

HC CH 


HC CH 

\ / 

CH-CH 


It, too, has a closed conjugated system around the ring; therefore, according 
to Thiele’s idea, cyclooctatetraene should have aromatic character. To the 
contrary, it is a very reactive cycloolefin. 

Not long after this, ozonolysis experiments with aromatic hydrocarbons 
provided strong evidence for Kekul^’s structures. Recall that ozone reacts 
with olefinic bonds to cleave them and change the olcfinic carbons to carbonyl 
groups. 


R R II R 

+0. ^c=o + o=c'^ 

/ \ / \. 

R R R R 


If ozone were to react with o-xylene, for example, and if o-xylene had the 
Kekul£ structures, the following products should be formed. 
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CH, 

A- 

HC C-CH, 

“11- I 

HC , CH 


CH, 

I 

X \ 

HC C—CH, 

I -Hh- 

HC , CH 

/ 

CH 


11 


0 

0 




CH 


/ 


CH, 

1 

c=o 



0 

II 

C—CH, 


\ 


CH, 

I 

C 

/ \ 

0 C-CH, 

\ 

0=CII 0 

I 

0=CH 

0 CH=0 

\ / 

CH 


CH CH 

\ / 

CH 0 

\ 

0 

For each mole of o-xylene reacting, there would be the following molar ratio 
of products from structures I and II: 


I 

II 


H—C—C—H 

II II 

0 0 


1 

2 


Molar ratio: 3 


H_C—C—CH, 

II II 

0 0 

2 

0 


H,C—C—C—CH, 

II II 

0 0 

0 

1 


Note that if only structure I were present, no HjC—CO—CO—CH, would be 
produced, whereas if II were the only structure, no H—00—CO—CH, would 
be produced. In order to get all three products, both structures I and II must 
be present. If I and II exist in equal amounts, the molar ratio of products 
should be 3;2; 1. Within experimental error, this is exactly the ratio in which 
the products are obtained in the actual ozonolysis of o-xylene. Ozonolysis of 
other aromatic compounds gave similar results in support of Kekul^’s stnic- 
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tures.* This seemed to be convincing evidence for the Kekul4 structure—one 
of the earliest structures proposed for the benzene nucleus. 

In the 1920 b, chemists began to study the physical properties of compounds 
to a greater extent. Among these were the absorption of light energy, heats of 
combustion, X-ray diRractions, and dipole moments. From heats of combus¬ 
tion, one may determine the chemical potential energy or chemical stability 
of compounds; i.e., the energy tied up in their chemical bonds. For illustration, 
chemists set the natural form of the elements as reference points. Thus, the 
heat liberated when a compound is formed from its elements is its heat of 
formation. The heats of formation of CO2 and HjO, then, are the heats liber¬ 
ated when these two compounds arc formed from their elements. Now, when 
methane is burned, CO5, HjO, and heat are produced. Knowing the amount 
of chemical energy tied up in CO 2 and H 20 , one may calculate the chemical 
stability of methane from its heat of combustion. This is the chemical energy 
contained in four C—H bonds. One-fourth of this vahie is taken as the C—H 
bond energy. Similarly, the chemical stability of ethane may be computed 
from its heat of combustion. One subtracts six times the C—H bond energy 
from the potential energy of ethane to get the C—C bond energy. Similar 


TABLE 7.3. SOME COVALENT BOND ENERGIES 


Bond 

Bond Energy 
(kcal./inole) 

Bond 

Bond Energy 
(kcal./mole) 

c-c 

80 


145 

C-H 

98.2 

c-0 

179 

C-0 

88 

C-N 

153 

C-N 

78 

N—N 

152 

C—Cl 

78 

S=0 

120 

0—H 
N—H 

109.4 

92.2 

CsC 

198 


CHEMICAL STABILITIES* (kcal./mole) 


02 

m.2 

H20nir,.) 

244.9 

CO 2 

410.7 

N 2 

278.2 


• These values are adjusted ao that use of [yond enwgica from 
thin laltle give reaaonahle reaidtR. 


treatments to CHINCH: and HCsCH will give the €=»>€ and CsG bond 
energies. This was done for many compounds, and a set of bond energies was 
established for most of the types of covalent bonds, C—0, C—N, C*«0, etc. 
Some of the common values are given in Table 7.3. From this table, one may 
calculate the chemical stability of a covalent compound, which should not 

' N. Campbell, Ann. RtporU Chm. Soe. London 44,127 (1947). 
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be far from the experimental value if the calculation is baaed upon the correct 
atructure. For illustration, from the measured heat of combustion of tri- 
methylamine, 588 kcal/mole, and from the chemical stabilities of the other 
substances in the reaction, 

2 (CH,),N + lOiO, 6 CO. + 9H,0 -|- N, + 1176 kcal 
one may compute the chemical stability of trimethylamine: 

AH = FprodueU Fraaotuti 

AH = 6 Ecoi + 9 EhiO + Eni — 2E(chi)iN ~ 10.5Eot = 1176 kcal 
wh^re E is the chemical stability of a given compound. 

.■.2E(chi)iN = 6 Ecoi + 9 EhiO + Eni — 10.5Eo, — 1176 

= 6(410.7) + 9(244.9) + 278.2 - 10.5(146.2) - 1176 
= 2236 

E(chi)iN = 1118 kcal 

The value from the bond energies in Table 7.3 is 

9 (C—H) + 3(C—N) = 9(98.2) + 3(78) = 883.8 + 234 = 1118 kcal 

Such calculations for benzene derivatives, using Kekul^’s structure of the 
nucleus, are always too low. For illustration, from the bond energies listed 
in Table 7.3, the calculated chemical potential energy for one of the Kekul 6 
structures of benzene is: 

= 6 (C-H) + 3(C-C) + 3(C=C) 

= 6(98.2) + 3(80) + 3(145) = 1264 kcal/mole 

The experimental heat of combustion of benzene is 792 kcal, so that from the 
equation, 

C,H, + 7 i 02 -» 6 CO 2 + 3 H 2 C) + 792 kcal 
the chemical potential energy of benzene is found to be as follow's; 

AH = 6 £coi + 3 EhiO ~ EciH, — 7.5Eoi = 792 
EciHi “ 6 Ecoi "I" 3 Ehi 0 ~ 7.5Eo, — 792 

-= 6(410.7) + 3(244.9) - 7.5(146.2) - 792 = 1300 kcal/mole 

Thus, the measured chemical stability, 1300 kcal/mole, is greater than the 
calculated value by 36 kcal. 

If a structural formula is to be a correct representation of a molecule, it 
must be consistent with the properties observed for that molecule. Here, then, 
is a property of benzene, its thermochemical stability, which does not appear 
to agree with that expected on the basis of either Kekul 4 structure. 

In this same period, the 19208, the notion of resonance was developing, and 
it was proposed that whenever it is not possible to write a single structural 
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formula to account for all obsoved properties of a compound, several appro¬ 
priate structures may be written, and the molecule is to be regarded as having 
no particular one of these structures but some weighted composite of them 
all. The molecule is spoken of as being a resonance hybrid of the several 
structures which may be written for it. However, the structures must be inter¬ 
convertible by short electron shifts. 

Accordingly, the actual structure of the aromatic ring is now regarded as 
a composite of the Kekul4 structures and of a few more which must be 
included to account for spectroscopic properties. The resemblance of the 
actual structure of the benzene ring to the Kekul4 forms is referred to as the 
Kekul4 resonance of the ring. This resonance concept is not inconsistent with 
the ozonolysis experiments. The actual structure of o-xylene is something in 
between the two Kekul4 structures, having an equal chance of reacting in 
either form. Therefore, half the time it reacts as if it had structure I, and the 
rest of the time as if it had structure II. This explains the ozonolysis products 
from o-xylene as previously described. 

Furthermore, when the bond distances of the benzene ring were measured 
by X-ray diffraction techniques, instead of finding three with the C—C single 
bond distance and three with the C=C double bond distance, as the Kekul4 
structure would predict, all six carbon-carbon bonds were an identical dis¬ 
tance between the normal single- and double-bond values. Moreover, in 1928 
Raman’ discovered a method for measuring the forces required to stretch or 
bend covalent bonds. These quantities are expressed in terms of force con- 
tianit, and fall in different ranges for single, double, and triple bonds. When 
measured for the benzene nucleus, all six carbon-carbon bonds were found to 
have identical force constants rather than three in the single-bond range and 
three in the double-bond range as would be expected for a Kekul^ structure. 
The bond distance and force constant results are exactly as expected from the 
resonance concept; a single structure with all carbon-carbon bonds being 
identical. 

It must be kept clearly in mind that the concept of resonance does not 
imply that two types of o-xylene molecules are present, nor does it mean that 
half the time the molecules have structure I and half the time structure II. 
It means that o-xyJene has a single, fixed structure which cannot be drawn. 
This structure is intermediate between I and II, and when o-xylene reacts, 
it has an equal chance of reacting in either form. 

What has been said here about o-xylene applies to virtually all benzene 
derivatives, as well as many other types of compounds. To conserve time and 
apace when writing the formula for benzene derivatives, only one Kekuld 
form is used. It is understood that either Kekul4 form may be used, and that 
these are only symbols for the designated compounds, because the actual 

* C. V. Raman, Indian physicist, received the Nobel Award in physics in 1930. Of. Sec¬ 
tion 6.4. 
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structures cannot be drawn. Furthennore, the CH’s are usually omitted and 
a hexagon used. 



Through negligence, it is frequently drawn as a distorted hexagon, being 



Up to here there has been a description of the benzene ring in terms of the 
resonance theory. Essentially the same picture may be given in terms of 
molecular orbitals. As in ethylene, each carbon atom of benzene uses three sp* 
hybrid orbitals, all coplanar, and leaving one p orbital at each carbon atom. 


H H 

H-C „ „ C-H 

0\g fl/0 

(>—u 

/b ct\ 

H H 


All atoms lie in the same plane and all p orbitals are perpendicular to this 
plane. Since any two adjacent p orbitals may coalesce to form n orbitals, two 
equivalent conditions could arise. 





A more stable structure is one in which the six r electrons encompass all six 
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carbon atoms in a molecular orbital surrounding the entire ring. This would 
look like two inflated inner tubes above and below the plane of the ring. 


H-|rC 


H H 

/C~C. 

V';,. _ C '/f 

^ 'S 




H ■ H 


Thus, chemists think in terms of an electron cloud being above and below 
the plane of the benzene ring. 

Two properties always associated with resonance molecules, i.e., molecules 
which are resonance hybrids of several forms, arc planarity and stability. The 
molecules will be more stable than is expected on the basis of any single struc¬ 
tural formula, and the atoms inv^olved in the resonance system will lie in a 
single plane. For instance, the nonresonance molecule cyclohexane has a non- 
planar chair conformation, whereas the benzene molecule is planar. Mention 
has already been made of the greater stability of the aromatic ring over that 
expected from bond energies for Kekul^ or any other structural formulas. 

The difference between the measured and the calculated heats of formation 
of a coinpound is called its resonance energy. Such values have been deter¬ 
mined for many compounds, and a few are given in Table 7.4. 


TABLE 7A. RESONANCE ENERGIES OF SOME COMPOUNDS 

Resonance Energy 


Compound (keal/mole) 

Benzene. 36 

Biphenyl. 72 

Naphthalene. 75 

Anthracene. 105 

Styrene. 51 

Benzaldehyde. 47 

Phenol. 50 

Urea. 41 

1,3-Cyclohexadiene.. 1.8 

1,3,5-CycloheptatTiene. 6.7 

Cyclooctatetraene. 4.8 


We have seen that structural formulas are used by chemists to represent 
the atomic framework of molecules. The formulas are based on the observed 
chemical and physical properties of compounds. As such, structural formulas 
(actually atomic models are used and structural formulas are merely projec¬ 
tions of models on the plane of paper) facilitate chemists in communication 
regarding organic substances, the structures have enhanced an understandirur 
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and interpretation of organic reactiona, and they aid in the prediction of new 
chemical reactions. An assigned structure can be used only as long as it is 
consistent with observed properties of a given molecule, and if a structure 
fails this condition it must be revised. We saw earlier in the chapter that this 
requirement even led to a revision of the structural theory of organic chemistry 
by incorporating the concept of resonance. Indeed, the study of the physical 
properties of molecules during the past several decades has brought about a 
considerable refinement of chemical theory and an amazing improvement in 
structure analysis. 

7.3 USES OF BENZENE 

Benzene is a strategically important chemical because it is used for the 
production of several other valuable substances. Over 300 million gallons are 
used annually, most of Avhich comes from coal. The largest quantities of ben¬ 
zene go into the production of styrene, phenol, and nylon. Some of the 
important uses of benzene are given in Table 7.5 in order of their decreasing 
amounts. 

TABLE 7.5. USES OF BENZENE 


1. Styrene production. For synthesizing plastics and rubber 

2. Phenol production. For making dj-es, plastics, etc, 

3. Nylon production. 

4. .Aniline production. For dyes, drugs, etc, 

5. Isopropylbenzene. Added to gasoline to rai.se octane rating 

6. Detergents. Sodium dodecylbenzene sulfonates, nonionics, etc. 

7. Insecticides. DDT, benzene hexachloride, p-dichlorobenzene 

8. Maleic anhydride. .Alkyd plastics, etc. 

9. Solvent and misc. 


7.4 COMMON AROMATIC REACTIONS 

Four very common aromatic reactions will be given here for reference, but 
they will be discussed when the respective families of compounds are taken 
up. For conciseness, the symbol 0 is often used to designate an aryl group, 
without regard to what substituents are present, just as R is used for aliphatic 
groups. Throughout the text, however, unless it is otherwise stated or obvi¬ 
ously not so, general equations using R groups apply to aryl and alicyclic 
systems as well as aliphatic groups. It would be too cumbersome to illustrate 
each reaction for all three classes of compounds. 

F« 

Halogenalion: 0—H -1- Xi -♦ 0—X HX 

Sulfonation: 0—H -b HOSOaH —> 0—SO|H -|- HOH 

Nitration: 0-H + HONOj ^ 0-NOj + HOH 

Alkylation: 0-H + RX ^ 0-R + HX 
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Birch reductim: Aromatic rings are reduced by lithium or sodium metal 
dissolved in liquid ammonia or amines to give 1,4-dihydro derivatives: 



7 >-Cymene 7 -Terpinene 




Bri^f historical development of organic chemistry. Although organic substances such 
as acetic acid, indigo, alcohol, tartar, sugar, resins, and oils, etc., had been known from 
biblical times and the Middle Ages, little was known about their chemistry until the 
beginning of the eighteenth century. Organic chemistry lagged behind inorganic chem¬ 
istry because the reactions of organic substances were too complex to be understood 
and organic mixtures were too difficult to resolve. In 1675 Lemery published his 
famous Cours de Chymiej in which he classified compounds from natural sources as 
mineral, vegetable, or animal. It was more than a century later, 1780, that Dergmann 
first made a distinction between organic and inorganic substances, and in 1784 
Lavoisier first showed that all compounds from vegetable and animal sources contain 
carbon and hydrogen and frequently nitrogen and phosphorus. The complexity of 
constitution and the combustibility of organic compounds led Berzelius to believe that 
they contained a 'Vital force" which put them beyond mortal synthesis from the 
elements, and in his Lectures in Animal Chemistry, first published in 1806, Berzelius 
wrote: ‘The part of physiology which describes the composition of living bodies, and 
the chemical processes which occur in them, is termed organic chemistry," In his text¬ 
book of 1827, Berzelius gave the first independent treatment of organic chemistry, and 
about this same period, Liebig gave the first university laboratory instruction in 
organic chemistry. 

Until this time, largely as a result of Berzelius’ influence, it was believed that organic 
substances were derived only from materials that were alive or had lived, All other 
substances such as salt, rock, sand, water, sulfur, etc., were classed as inorganic or 
nonliving. In 1828, Wdhler prepared, to his surprise, the organic compound urea from 
inorganic materials. 
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(NH4+)(N-0-0)- -► H,N\ 

A ^C—0 

H,N/ 

Ammonium Urea 

cyanate 

• 

This experiment etarted the dovmfall of the vitalietic theory. Slowly, the leading con¬ 
temporary chemists of that day recognized the significance of Wohler's experiment. 
Then, in 1845, Kolbe was the first to prepare a naturally occurring organic compound 
from its elements, namely acetic acid. This led Gmelin, in 1848, to define organic 
chemistry as the chemistry of carbon-containing substances, and gradually the ^‘vital 
force" doctrine was discarded. Now, of course, the study of the chemical reactions that 
take place in biological systems is termed biochemistry. 

To trace the development of present-day views on chemical bonding, one must go 
back to the early nineteenth century. In trying to carry over to organic compounds, 
certain notions held in that period concerning inorganic substances, Berzelius proposed 
his electrochemical or dualistic theory, in which the formation of a compound was due 
to the uniting of an electronegative substance (oxygen or an acid) with an electro¬ 
positive substance (usually a metal or a base). This dualistic theory failed when applied 
to organic compounds, so that the recognition in 1832 by Liebig and Wohler, that 
certain organic radicals or atomic groupings could be traced unchanged through a 
series of reactions, gave new impetus to work in organic chemistry, W^hen Dumas 
showed in 1834 that the electronegative element chlorine could replace the elect oposi- 
tive element hydrogen in wax, he proposed a theory of types, which was developed by 
Laurent and Gerhardt. In this theory, compounds were related to fundamental in¬ 
organic types, hydrogen, hydrogen chloride, water, and ammonia, from which the 
organic compounds could be obtained by substituting organic radicals for hydrogen. 
For illustration, according to this theory, there are the four types: 


Hydrogen 


Hydrogen Type 

Chloride Type 

Water Type 

Ammonia Type 





\ 

f 



hJ 

ClJ 

nf 

hJ 


in which one could make simple substitutions of the ethyl radical. 



H^N 

Hj 


For Williamson’s preparation of ether in 1850, one could write. 



However, these early theories did not consider the arrangements of atoms in the 
organic radicals. In 1852 Sir Edward Franklin first expressed the concept of what is 
now called valence, and in 1858 Kekul6 published in Liebig’s Annalen his famous 
definitive paper on the chemical bonding of carbon. He stated that carbon is quadri¬ 
valent and can form bonds with other carbon atoms, thereby losing part of its capacity 
to unite with other elements, and that carbon atoms can form open chains as well as 
closed rings. In that same year, Kekul6 and Couper independently introduced the idea 
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of valence bonds and the pictorial representation of molecules.* Couper’s formulas 
were less bulky and easier to draw than were Kekul^’s. In 1861, Butlerov first used the 
term chemical structure in a paper read before a scientific congress in Germany, in which 
he emphasized that each organic compound has a fixed, real structure which determines 
its properties. Herein are the foundations for the present-day practice of employing 
graphic formulas for representing molecules, and of interpreting their properties in 
terms of these structural formulas. Although several persons contributed ideas leading 
up to this conception, notably Berzelius, Dumas, Liebig, Laurent, Gerhardt, Kolbe, 
and Franklin, it was really Kekul6, Couper, and Butlerov who clearly outlined the 
framework which provided the backbone for the entire field of organic chemistry. 
Then, in 1865, Kekul^ made what has been considered his greatest contribution to 
organic chemistry, and that was his proposal for the structure of benzene. Although 
our present-day concept is somewhat different, Kekul^’s novel idea started organic 
chemists to thinking along entirely new avenues which brought about a rapid develop¬ 
ment of organic chemistry. 

In 1863 Geuther discovered the tautomerism of ethyl acetoacetate, in 1876 Butlerov 
gave the first explicit definition of the phenomenon of tautomerism, and in 1885 the 
term iautomerimi w'as proposed by Laar. Although isomerism had been recognized 
earlier, and Berzelius had suggested the term isornerim in 1810, Wislicenus in 1863 
first attributed the phenomenon to differences in spatial arrangements of atoms within 
molecules. Then, LeBel, in 1874, and van’t Hoff, in 1875, independently resolved the 
problem of optical isomerism on the basis that the four valences of carbon form a 
tetrahedron. 

Following Thompson’s discovery of the electron (1897), and Lord Rutherford’s 
proposal of a planetary, particle structure of atoms (1911), Kossel and Lewis inde¬ 
pendently proposed their electronic theories of valence (1916). Lewis also suggested 
the occurrence of electron-pair bonds. In the same period, Bohr gave his quantum 
theory of the atom, and somewhat later there came an embryonic notion of resonance 
from the work of Heisenberg. This led to the concepts of atomic and molecular orbitals, 
orbital hybridization, and finally to intermolecular coordinate covalent bonds (cf. 
Chapter 19). 

Shortly after the birth of resonance theor)^, fostered largely by L. Pauling, organic 
chemistry grew rapidly along two lines. One is commonly called natural products 
chemistry and is concerned with the determination of structure and synthesis of 
complex compounds resembling those of natural origin. Britain’s Sir Robert Robinson 
(Nobel Prize in 1947) and Switzerland’s L. Ruzicka (Nobel Prize in 1939) and 
P. Karrer (Nobel Prize in 1937) were particularly active during the early stages of the 
expansion of natural products chemistry. The other arm of organic chemistry is 
referred to as physical organic chemistry in which the charge distribution of unreacting 
and reacting molecules and the mechanisms of reactions are studied. Sir Christopher 
Ingold of England is the principal forefather of this phase of organic chemistry. In 
recent years, however, these two arms of organic chemistry have become folded to 
supplement each other. Physical organic chemistry has facilitated the synthesis, 
analysis, and structure determination of many complex molecules, whereas natural 
products chemistry has provided fruitful examples for the development of ideas and 
methods in physical organic chemistry. 

* William Higgins, in 1789, was the first to publish diagrammatic formulas, but his intent 
was somewhat different from what it is today. 
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NOMENCLATURE OF BENZENE DERIVATIVES 

Many benzene derivatives have trivial names, such as phenol for hydroxy- 
benzene. These will have to be learned as they are encountered. For a start, 
a few very common ones are given here. 



Phenol Toluene Aniline Benzoic Benzaldehyde 

acid 


When two substituents are attached to the benzene ring, they may be situ¬ 
ated on adjacent, alternate, or opposite carbon atoms. These positions are 
referred to as ortho, mela, or para, respectively, and are abbreviated o, m, or p. 



ort/io-Dibromobenzeuc mela-Nitrochlorobenzene parO'Bromonitrobenzene 

Either substituent may be named first. 

When there are more than two substituents, the relative positions are 
indicated by numbers. 


Cl OH COOH 



2,4-Dinitrochloro- 2-Branio-6-amino- 2,4,6-Triinethylbenzoic 

benzene phenol acid (mesitoic acid) 


The group named last, or the functional group, is regarded as having the 
1-position. Numbering may be done clockwise or counterclockwise, although 
it will most often be the former. 

7.6 ORIENTATION OF AROMATIC SUBSTITUTION 

Reagents reacting with aromatic compounds may be nucleophilic, electro¬ 
philic, or free radicals. Most common reactions are with electrophilic reagents; 
hence, this section is limited to electrophilic substitution—^that is, the reagents 
are electron-seeking, and therefore, other things being equal, they will tend 
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to react with the carbon atom of the ring which most readily provides 
el»;trons. 

For many years, chemists have been fascinated by the fact that substitution 
reactions with monosubstituted benzenes yield varying amounts of ortho, meta, 
and para isomeric disubstitution products. It was early recognized that groups 
may be classified as chiefly ortho- and para-directing, or mela-orienting. For 
instance, upon nitrating benzoic acid, the incoming nitro group takes a posi¬ 
tion meta to the carboxyl group, but in the nitration of toluene, the nitro 
group enters ortho and para to the methyl group. 

COOH 

HONOi 


CH, 

HONO< 

-► 


Chemists have devoted considerable work to determining the preferential 
orienting effects of groups, and the percentages of ortho-, meta-, and para- 
substitution occurring in the mononitration of various monosubstituted ben¬ 
zenes are given in Table. 7.6. The substituents are listed in order of increasing 
meta-directing effect. 

It can be seen in Table 7.6 that only a very few groups lead to all ortho- 
and paronsubstitution, or all meta-substitution. There is a complete grada¬ 
tion from one extreme to the other. Hence, the classification of groups into 
o,p-directing, or m-directing types merely refers to their principal directing 
influence. ‘ The statistical distribution to be expected in the absence of any 
directive influence is that listed for H. Therefore, any substituent that leads 
to more than 40 per cent meta isomer is classified as a 7?i-directing group. 

The orientation observed in reactions with monosubstituted benzenes de¬ 
pends chiefly upon the nature of the substituent. However, other factors help 
to control the position taken by an entering group relative to a substituent 
already present. Of these second-order factors, the characteristics of the enter¬ 
ing group are very important. One such factor is the spatial size of the en¬ 
tering group. For illustration, the orientation for monoalkylation of toluene 
is given in Table 7.7. It is shown there that, as the size of the entering group 

' For example, the major product in the nitration of benzaldehyde ia m-nitrobenialdehyde, 
but there ia aufficient o-iaomer produced aa a aide-product to make thia an economical 
proceaa for the production of o-nitrobenaaldebyde. 




COOH 



NO, 
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TAILE 7A. nSTMUnON OF MONONITItATlON FRODUCTS 
FROM MONOSUBSTITUTED BENZENES 


Substituent 

% Ortho 

%Meta 

% Para 

-OH 

40 

_ 


—F 

12 

0.5 

87 

—Cl 

20.6 

0.0 

60.5 

—Br 

36.5 

1.2 

62.3 

-I 

37.9 

2.1 

60 

-CH, 

58.5 

4.4 

37.1 

-CH,CH, 

43 

6.5 

48.5 

-CH(CH,), 

30 

7.7 

62.3 

-C(CH.). 

15.8 

11.5 

72.7 

-CH.CO,Et 

42 

10.6 

47.4 

-CH,C1 

32 

15.5 

52.5 

-CH,F 

28 

18 

54 

—CHCl, 

23.3 

33.8 

42.9 

-H 

(40) 

(40) 

(20) 

-Si(CH,), 

26.6 

41.7 

31.6 

-CCl, 

6.8 

64.5 

28.7 

—CO,Et 

24 

72 

4 

-CO,H 

18.5 

80.2 

1.3 

-CN 

17 

81 

(2) 

-CH,N(CH,), 

— 

85 

15 

-N(CH,), 

— 

89 

11 

-NO, 

6.4 

93.3 

0.3 

—CF| 

— 

99 

— 


increases, the amount of ortho isomer obtained decreases. This is due to the 
spatial barrier preventing the reagent from approaching the substituent for 
orMo-substitution. A smaller steric effect also may occur for the substituent, 
as shown in Table 7.8. Here again, as the size of the alkyl group increases, 
less ortfio-substitution takes place. 

Also, the nature of the reagent affects the orientation observed. For in¬ 
stance, halogenation of toluene gives less than 1 per cent Tneto-substitution, 


TABLE 7.7. ORIENTATION IN MONOALKYLATION OF TOLUENE 


Entering Group 

% Ortho- 
Bubstitution 

% Meta- 
Bubstitution 

% Para- 
BubBtitution 

—CH, 

53.8 

17.3 

28.8 

-CH,CH, 

45 

30 

25 

—CH(CH,), 

37.5 

29.8 

32.7 

-€(Ch;), 

0 

7 

93 
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TABLE 7.8. OHENTATION IN MONOMTRATION OF AUCYLIENZENES 


Compound 

% Ortho- 
substitution 

% Afeta- 
substitution 

% Para- 
Bubstitution 

C.H.CH, 

58.5 

4.4 

37.1 

C,H,CH,CH, 

45 

6.5 

48.5 

C.H.CH(CH,), 

30 

7.7 

62.3 

C,H.C(CH,), 

15.8 

11.5 

72.7 


nitration gives 4 per cent, and alkylation gives up to 30 per cent ineta- 
substitution. 

It can be seen, then, that these second-order effects have a significant 
influence upon orientation, but they do not change a substituent from one 
class of orienting group to the other. Hence, a group that directs the second 
entering group to the ortho and para positions in nitration will also direct 
chiefly to these positions in alkylation, bromination, sulfonation, and other 
electrophilic reactions. Many empirical rules have been proposed by which a 
chemist may predict the major orienting property of substituents.* These 
rules have been based upon various physical properties of the substituents 
and also upon their constituent atoms. Each has some merit, but each fails in 
one or more cases. Nevertheless, they are useful guides in planning syntheses, 
as well as for predicting the physical properties of substituted benzenes. Prob¬ 
ably the easiest rule to learn and the most general one is the following: 

Groups attached by atoms forming only single bonds are o,p-dircciing. 

Exceptions: —CXs, — Nila"*" (which are m-orienting). 

Groups attached by atoms forming multiple bonds are m-directing. 

Exceptions: —CaHs, —CH=CH2 (w'hich are o,p-directing). 

For example, — OH, —-NHj, —OR, —NRj, —CHj, and —X (the halogens) 
are o,p-directing, while — CHO, — COOR, — CN, —SOaH, and — NO: are 
m-orienting. Note that it is the atom attached to the ring which is the key 
atom for applying this rule. Thus, — CHjCOOH, —CHjNO*, and — CHj— 
CH=CHj are o,p-dirccting, although there are multiple bonds in the groups, 
because the atom attached to the ring in each case forms only single bonds. 

Classification of groups into two classes has also been very convenient for 
other purposes. It is found that the chemical and physical properties of 
aromatic compounds depend upon the nature of the ring substituents. For 
instance, the color, dipole moments, absorption characteristics of ultraviolet 
and infrared light energy, and other physical properties of substituted ben¬ 
zenes can be accounted for on a basis of the substituents present. It is observed 
that m-orienting groups deactivate the ring, and o,p-directing groups activate 
the ring. The more exclusively m-orienting the group is, the more ring- 

* L. N. Ferguson, Chem. Revieu/t 50, 47 (1052). 
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deactivating it is. If there are two benzene rings joined together and one ring 
has a substituent, the class of the substituent will determine in which ring 
further substitution will take place. 


OjN 



I 

NO* 


The methoxyl group, being o,p-directing, activates the attached ring, thereby 
facilitating reaction with that ring. The carboxyl group is m-orienting and 
ring-deactivating; therefore, reaction occurs with the other ring. The effect 
of the substituent upon ring activity is important, and it is to be remembered 
that; 

Strong reactions, such as sulfonation and nitration, give good yields with 
all substituents, including m-orienting groups. 

Weak reactions, such as alkylation, give very poor yields with m-orienting 
substituents present, although they go well with o,p-directing groups 
present. 

Thus, one does not attempt to alkylate nitrobenzene. The halogens are un¬ 
usual in that they are o,p-directing but ring-deactivating. 

It is also found that m-orienting groups, when ortho or para to halogen 
atoms, OH groups, or NH* groups, will 

1. Activate the halogen 

2. Increase the acid strength of the OH group 

3. Diminish the base strength of the NH* group. 

These effects will be pointed out when the respective families of compounds 
are taken up. 

These orientation effects of substituents, as well as the phyncal and chem¬ 
ical properties of aromatic compounds, can be explained fairly well in terms 
of induction, resonance, and steric requirements. For illustration, the orienting 
effect and effect of substituents on ring reactivity are primarily the result of 
the polar nature of the substituent. Through induction or resonance, or both, 
groups decrease or increase the over-all electron density of the ring, and also 
about specific carbons of the ring. The higher the electron density, the greater 
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is the rate of reaction witii electrophilic reagents. Thus, because of relative 
group electronegativities, the methyl group increases the electron density of 
the ring through induction, while halogens and the nitro group decrease the 
over-all electron density of the ring. 



Accordingly, toluene reacts faster than benzene, but halobenzenes and nitro¬ 
benzene react slower. In other words, alkyl groups are ring-activating, and 
halogens and the NOt group are ring-deactivating. 

At the same time, the hyperconjugation (resonance involving single bonds) 
of toluene, and the resonance of halobenzenes and nitrobenzene affect the 
relative electron densities of the ortho, meta, and para carbon atoms of the 
ring. 



QZ , . 


0-- 





0 

/ 

0 

0 

11 

01 




0 “ 0 " 0 " 0 ~ 


Tlie curved arrows indicate the electron migrations which would give the next 
structure. According to these structures, the ortho and para positions in toluene 
and chlorobenzene have a higher electron density (greater negative charge) 
than the meta positions, and hence, substitution takes place preferentially at 
the ortho and para positions. The electron density at the ortho and para posi¬ 
tions of nitrobenzene are lower than at the meta positions, so substitution takes 
place at the meta positions. 

Electrophilic aromatic substitution has a strong ionic character. For ex¬ 
ample, nitration with the usual HNOi—H9SO4 mixtures takes place as follows: 

2H,S04 + HONO, ^ 2HSO.- -|- H,0+ -|- +N0, (1) 

ArH-h+NOi^^ArHNO, (2) 

ArHNO,—^ArNO, + H+ 


(3) 
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where ArH is an aromatic compound and ArHNOi is a resonance hybrid of 
forms such as 



H NO, 

This resonance hybrid is frequently drawn as 


in which the dotted line represents partial bonds of the delocalized *• electrons. 
Nitric acid in concentrated sulfuric acid is completely ionized as shown in 
equation ( 1 ). Thus, the sulfuric acid solutions have essentially no vapor 
pressure, i.e., nonvolatile substances are present, and the conductivities indi¬ 
cate four ions are in solution. Also, the nitronium ion has been identified in 
these solutions by Raman spectroscopy. Nitration rates parallel the concentra¬ 
tion of nitronium ion. In nitric acid alone, the concentration of NO, ion is small, 
and nitrations are therefore slow in this medium except with highly reactive 
aromatic rings. 

Alkylation generally proceeds via an ionic mechanism: 

R-X + AIX, ^ R+ + -AIX 4 (4) 

Mixture has a email conductivity 



In this example, Y is an o,p-directing group. Mixtures of an arene, an alkyl 
halide, and AIX, have a high conductivity, which confirms the ionic character 
of this reaction. 

Halogenation may take place by a mechanism analogous to nitration, in 
which a halogenonium ion, X***, is first formed and attacks the aromatic ring, 
or via the initial formation of a charge-transfer complex (cf. page 469): 





ArH-l-X, 


ArH: X, 


(6) 
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HArX + -CX (7) 

-H* 

ArX 

C is a catalyst such as FeXs, AlXj, Ag'*', or even another halogen molecule. 

A description of polar effects, as was given above for CHj, X, and NOi, can 
be given for other substituents. In some molecules, the effects of resonance 
and induction operate to supplement each other, and in other molecules these 
effects oppose each other. In addition to the polar nature of the substituents, 
orientation is influenced by the polar effect of the reagent, by steric require¬ 
ments of the substituent and reagent, and by the nature of the solvent, These 
second-order effects were illustrated in the text above. However, the polar 
nature of the substituent largely determines whether it is o,p-directing or 
m-orienting. Its polar character is also chiefly responsible for the physical 
properties of substituted benzenes. For instance, the dipole moments and 
absorption spectra may he accounted for in terms of the polar natures of 
substituents. 

A molecular orbital of r electrons about a multiple bond or a conjugated 
system of multiple bonds may be regarded as a tube of moving electrons along 
the framework of conjugated atoms. The charge-density varies along the tube 
depending upon the type of atoms along the atom-chain. This charge-density 
can be computed sometimes by theoretical methods. Resonance theory has 
provided an alternative way of indicating the charge-densities of r-electrons 
in terms of structural formulas. There are several principles that serve as 
guides in writing resonance structures and for assessing their relative impor¬ 
tance. The more important rules arc the following: 

(i) Resonance structures are interconvertible by one or a scries of short electron- 
shifts. 

(ii) Resonating structures must have the same number of unpaired electrons. 

(iii) The more covalent bonds there are in a structure, the greater is its stability 
and the greater is its contribution to the resonance hybrid. 

(iv) Dipolar structures are less stable than nonpolar structures. 

(v) The more nearly equal in stability are resonance structures, the greaUr is 
the degree of resonance. 

An approximate structural formula can normally be written for a compound 
based on its chemical and physical properties. Other structures can then be 
derived from the first structure as are needed to be consistent with all observed 
properties. For illustration, the structures of chlorocyclohexane and chloro¬ 
benzene are given as I and 11. StrOcture I is consistent with all properties 
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H Cl 



observed for chlorocyclohexane. However, in order to account for the shorter 
C—Cl bond length in chlorobenzene (1.69 A, in comparison to 1.78 A in alkyl 
chlorides), for the resistance to nucleophilic substitution, for the smaller dipole 
moment of chlorobenzene than of alkyl chlorides, for the ortho-para orienta¬ 
tion, and for other properties of chlorobenzene, its actual structure is regarded 
as a resonance hybrid of structures IIo-IIp, with Ila and lie making the 
major contribution. 



abode 


11 

Each structure is derived from the others by short electron-shifts involving t 
and lone-pair electrons. 

7.7 AROMATIC CHARACTER OF RING STRUaURES 

In Section 7.2 it was pointed out that the H/C ratios of benzene and its 
derivatives indicate that the benzene ring must form multiple bonds but the 
ring does not exhibit typical olefinic properties such as rapid oxidation, poly¬ 
merization, and addition reactions. This chemical inertness was dehned as 
aromatic character. It was also shown that the ring has an unexpected thermo¬ 
chemical stability expressed as its resonance energy. One may wish to identify 
aromatic character by this large resonance energy. The resonance energy of 
cyclooctatetraene for instance, is only 4.8 kcal/mole and that of 1,3-cyclo- 
hexadiene is 1.8 kcal, whereas that of benzene is 36 kcal. Accordingly, in 
recent years there has been a trend towards defining aromatic character in 
terms of the unusually large stability which accompanies a planar, completely 
conjugated ring system. Often low chemical reactivity (the classical definition) 
and large resonance energy occur together, which is the ease for benzene. We 
shall see below, however, that some compounds are aromatic according to 
the modem definition but not by the classical definition. 

In 1931 HUckel of Germany made a remarkable prediction, based on the- 
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oretical chemistry, that there will be a large resonance energy associated with 
a conjugated ring system having (4n + 2) r electrons, where n is an integer. 
Three ring structures for which n >= 1 are CtHs, CiHr, and C 7 H 7 '''. 



C«Ht CiHi~ CtHt'*' 

Benzene Cyclopentadienyl Tropylium 

anion cation 

Each ring has six v electrons. The cyclopentadienyl anion can be easily pre¬ 
pared by reacting cyclopentadiene with an alkali metal: 



The anion may be regarded as a resonance hybrid of five equivalent structures: 



Hence, with the symbolism used for benzene, the dotted line or circle is 
written in the ring to express the equivalency of the carbon-carbon bonds of 
an aromatic ring. The tropylium cation is a resonance hybrid of seven equiv¬ 
alent structures in which the positive charge resides equally on each of the 
seven carbon atoms. 

Each of these three rings is planar and has an evenly distributed electron 
cloud around the ring, which gives them aromatic character in the classical 
and modem sense. Thus, it is found for each, that 

1 . All C—C bonds of the ring are equal in length, between the typical 
aliphatic C—C and C=C bond lengths. 

2 . The ring has a large resonance energy. 

3. The ring undergoes substitution rather than addition reactions. 

4. The ring resists hydrogenation. 

5. The ring does not undergo the Diels-AIder reaction. 

Another physical measurement which can be used to identify an aromatic 
ring is n.m.r. spectroscopy. The electron cloud over the carbon frame of an 
aromatic ring acts as a circular current, called a ring current, and it produces 
a certain magnetic effect upon the protons attached to the ring. This shows 
up in the chemical shift values for "aromatic protons’’ for which r » 1-3 
(an arbitrary unit for chemical shifts) whereas r is larger for nonaromatic 
protons. For example, r » 2.5 for benzene protons and 4.31 for cycloocta- 
tetraene protons. Although the latter compound has a completely altamting 
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ring of C—C and C>-C bonds, it is not aromatic beosuse no two adjacent 
CmmC bonds are coplanar and therefore there is little resonance or v-dectron 
delocalisation around the ring. In contrast, cyclooctatetraene has been re¬ 
duced with potassium metal to pve Ibe dianion, structure III. This ion is 
found to be planar, and aU carbon-carbon bonds are equivalent. Notice that 
III conforms to HiickeVs rule in which n « 2 (10 «■ electrons), whereas cyclo¬ 
octatetraene does not (8 r electrons). 


Ill 

Cyclooctatetraene 

dianioQ 

Similarly, [lOjannulene and [14]annulene are not aromatic according to 



[10]Annulene [14]AnnuIene 

either the classical or the modem definition. Thus, [14]annulene does not 
undergo substitution reactions nor does the ring sustain an induced ring 
current. This can be attributed to their nonplanar structures owing to the 
crowded intraannular protons. This prevents [14]annulene, for example, from 
forming stable charge-transfer complexes (cf. Section 19.1). On the other hand, 
dehydro[14]annulene, structure IV, and [ISjannulene, structure V, are aro¬ 



matic on the basis that their n.m.r. spectra show that they sustain an induced 
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Mftg currents For instance, V has two peaks in its n.m.r. spectrum, one in the 
aromatic range at 1.1 r for the 12 peripheral protons and another of half this 
intensity at 11.8 r for the six intraannular protons. Compound IV has been 
shown to undergo aromatic nitration, acylation, and sulfonation. It forms 
crystalline charge-transfer compounds but, it does not undergo the Diels- 
Alder reaction. 

Two examples of an aromatic ring with 2 ir electrons, i.e., n = 0 in (4n -f 2) 
T electrons, are the triphenylcyclopropenium cation VI and the tetraphenyl- 
cyclobutenium dication VH. 



VI 

Triphenylcyclopropenium borofluoride 



VII 

Tetraphenylcyclobutenium hexachloroat&nnate 


The carbon atoms in each ring of VI and VII are equivalent in terms of 
electron density and covalent radii. 

We see, then, among the simple aromatic rings there are the following: 



Number of 

T electrons = 2 2 6 6 6 10 

SrUDir EXERCISES 

1 . Write general equations for the nitration, sulfonation, halogenation, and 
alkylation of toluene. 

2 . What structures were proposed for benzene by Dewar, Thiele, Kekul^, and 
Ladenburg, and why was each structure abandoned? 

^ Y. Gaoni and F. Sondheimer, /. Am, Chm. Soc,, 66 , 621 (1964). 
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3. What is the present concept of the structure of the aromatic nucleus, and what 
evidence is there for this viewpoint? 

4. State an empirical rule by which one may p^ict the position taken by a second 
entering group in an electrophilic reaction with a monosubstituted benzene. 

5. Name several chemicals obtained from coal tar. 

6. Cite evidence for tlie statement tliat m-orienting groups deactivate the ring. 

7. What is believed to l>e the source of coal? 

8. What are monosubstituted benzenes with the following substituents called: 
--COOH, —CHO, —OH, -NHz, ™-CH,? 

9. What properties would exclude the following structures for benzene: (a) 

CHa=CH—CH=€H--CH^H; H 

H i H 


CsC 

/ \ 

CH, CH, 

\ / 

CsaC 




c c 

/ / ■■ \ 

H C H 


10. Predict the product of the reaction between propylene and benzene in the 
presence of HF. 

11. Diaz(K:yelo|xmtadiene iipi>ears not to undergo the Diels-Alder reaction and can 
be nitrated to giv'o two isomeric rnononitro substitution products. How do you explain 


these obser vat ions ? 



12. How do the sha(K\s of a naphthalene and a ^rans-decalin molecule compare? 

r£sr QUESTIONS, Set 7 

1. Starting with Ix^nzene, how could you prepare m-nitrochlorobenzene, p-nitro- 
bromobenzene, and p-nitrotoluene in the laboratory? 

2. How could cyclohexcne be distinguished from benzene by qualitative test tube 
experiments? 

3. A 12.3-grain sample of a liquid mixture of cyclohexene and benzene was treated 
with I Af KMnO^ in cold, aqueous NazCOa, and 20 ml of the oxidant were reduced. 
If it is assumed that the cyclohexene was oxidized to cyclohexanediol, what was the 
(percentage of cyclohexene in the mixture? 

4. What would be the molar ratio of products from the ozonolysis and hydrolysis 
of the resulting triozonide from m-ethyltoluene? 

5. How many nuclear monobromination products are possible from (a) o-xylene; 
(b) m-xylene; (c) p-xylene? How could one distinguish the three isomers of xylene on 
a basis of your answer? 

6. What should be the heat of formation of toluene if it had a Kekui4 structure? 

7. Why should a nitro group para to a halogen atom facilitate hydrolysis of the 
halogen atom? 

8. A compound X, CyHyBr, prepared from 1,3,5-cycloheptatriene, is soluble in 
water but insoluble in nonpolar solvents, and aqueous solutions give an immediate 
precipitate of AgBr-when aqueous silver nitrate is added. Reduction of X yields 
cycloheptane. Propose a structure for X and give the basis of your answer. 

9. A hydrocaripon H, C«H«, rapidly decolorizes cold aqueous permanganate and 
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KBdily absorbs one mole of hydrogen. Vigorous hydrogenation of CiHi gives a com¬ 
pound of formula CiHu. Strong oxidation of R yields phthalic acid. Propose a structure 
for R and give the basis for your answer. 

10. The c structures among the following make little or no contribution to the 
respective resonance hybrids. Give a reason for this and show how structures b and c 
are derived from a in each esse: 



a b 
Fluorobenzene 


c 


a 


b 

A ketone 


c 



8 


Arenes 

(Aromatic hydrocarbons) 


The term arene has been approved by the American Chemical Society 
Nomenclature, Spelling, and Pronunciation Committee to mean an aromatic 
hydrocarbon. The alkylbenzenes will be taken up first; then other aromatic 
systems will be discussed briefly. 

6.1 PREPARATION OF ALKYLBENZENES 

Alkylbenzenes are commonly prepared in the laboratory by alkylating 
benzene through one of two reactions. 

Friedel-Crafls reaction: 

dr-H + RX ^R + HX 

This reaction is weak and gives little or no yield with tn-orienting groups in 
the ring. Yields are good in the presence of o,p-directing groups. It requires 
an acid catalyst mole for mole with the alkyl halide. Aluminum chloride is 
the most common catalyst, although other agents, such as ZnClj, FeXi, and 
SnCh, have been used. These substances are often referred to as Friedeir 
Crafta-type catalysts. In this reaction, the halogen must come from the alkyl 
halide (or acyl halide for acylation as shown on page 315). 

Wurtz-Fittig reaction: 

«-X+R-X + 2Na ^R + 2NaX 

In 1855 Wurtz developed the reaction for uniting two alkyl groups in the 
presence of sodium metal, and in 1864 Fittig used the method for attaching 
an alkyl group to an aryl group. The Wurtz reaction is seldom used with 
two different alkyl groups, for then three products result which may not be 
separated easily. However, the Wurtz-Fittig reaction gives predominantly 
the alkylbenzene, because sodium reacts faster with the alkyl halide to yield 
alkylsodium, RNa. This, in turn, reacts faster with the aryl halide to give 
an alkylbenzene. 
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Alkylbenzenes may be produced by large-scale applications of the Friedel- 
Crafts or Wurtz-Fittig reactions. A few alkylbenzenes are obtained also from 
coal tar and the aromatization process. This latter reaction involves cycliza- 
tion and dehydrogenation of ivalkanes. 


H,C CHi 

\ / 

CH, 

n-Hexane 


CH, 

/ \ 

H,C CH, 


\ / 

CH, 


CH 

/ \ 

HC CH 


Benzene 


Toluene is obtained in a high yield from n-heptane. n-Octane gives o-xylene 
and ethylbenzene. 


H,C 

CH, 

HC 

1 

1 

1 

H,C 

CH, 

-^HC 


\ / 

\ / 

CH, 

CH 

n-Octiine 

Ethylbenzene 

CH, 

CHa 

1 

1 

CH, 

1 

c 

/ 

/ \ 

H,C CH,-CH, 

HC C- 

1 II 

H,C CH, 

'1 

HC CH 

\ / 

\ / 

CH 

CH, 

n-Octam* 

Xylene 


In Germany, more so than in the United States, benzene is produced by the 
trimerization of acetylene. 

/^CH CH 

. # .. / \ 


HC 

CH 

III 

Ffr-8i 

HC 

1 

CH 

11 

HC 

CH 

650® 

HC 

CH 


\ / 

CH 
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Benzene could be produced in the laboratory by decarboxylation of benzoic 
acid, but this would merely be a laboratory exercise and of no practical sig¬ 
nificance. The aromatization process was known for many years, but the war 
and postwar demands on benzene and these alkylbenzenes for plastics, syn¬ 
thetic rubber, textiles, explosives, and high-octane gasoline forced the devel¬ 
opment of this process as a means of supplementing the supply obtained from 
coal tar. 

B.2 PROPERTIES OF ALKYLBENZENES 

The physical properties of alkylbenzenes are essentially like those of 
benzene. Many alkylbenzenes are liquids. Arencs are practically insoluble in 
water, acids, and aqueous alkali. They have a measurable solubility in 
aqueous silver nitrate owing to the formation of complexes (Section 19.1). 

The alkyl group is o,p-directing and mildly ring-activating. Alkylbenzenes, 
therefore, undergo the general nuclear reactions, such as nitration, halogena- 
tion, and alkylation, more readily than does benzene. Substances may also 
react with the alkyl groups. The side chain has aliphatic properties and is 
therefore halogenated under the same conditions as alkanes, namely, with 
illumination and thermal catalysis, or sulfuryl chloride plus peroxide. 

^-CHa + .^-CHzX -f HX 
+ SOjCli .^CHjCl -1- so, -1- HCl 

consequently, halogenation may be directed specifically to the ring or to the 
side chain, depending upon the type catalyst used. Iron, aluminum, and their 
polyhalide salts, FeXj, AIX,, induce ring halogenation, whereas illumination 
and heat lead to side-chain halogenation. The carbon atoms in the side chain 
are referred to by letters of the Greek alphabet, starting with the one attached 
to the ring. The alpha carbon is activated by the ring and is preferentially 
halogenated or oxidized. 

^ -f- CH—R -1- HX 

" I 

X 


CH,—R ^ 0—CH—R 0—C—R ^ .#^COOH 

1 II 

OH 0 

Seldom can the oxidation be stopped at the alcohol or ketone stage, although 
the ketone can be prepared indirectly from the hydrocarbon by oxidation 
with CrOj (cf. Section 12.2c). Permanganate and dichromate carry the oxida¬ 
tion to the acid. Since it is always the alpha carbon that suffers oxidation, 
all carbon-attached groups may be oxidized to the COOH group. 
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TABLE 8.1. PHYSICAL CONSTANTS Of SOME A»«S 


Name 

1 

Formula 

Melting 

Point 

Boiling 

Point 

Sp. Gr. 
(liq.l 

Benzene 

C,H, 

5.5 

80 

0.879 

Toluene 

CH,C,H, 

-95 

111 

.866 

o-Xylene 

1,2-(CH3)2C*H4 

-26 

144 

.880 

m-Xylene 

1,3-(CHj)jC8H4 

-48 

139 

.864 

p-Xylene 

1.4-(CHj)2C*H4 

13 

138 

.861 

Mesitylene 

1 l,3XGFL)sC.Hj 

-45 

165 

.864 

Durene 

I 1,2,4,5-(CH,)4C«H, 

80 

195 


Hexamethylbenzene 

C,(CH,), 

165 1 

264 


Ethylbenzene 

CACJIg 

-95 

136 

.867 

n-Propylbenzene 

CH,CH,CH,CA 

-99 

159 

.862 

n-Butylbenzene 

CH,(CH,),Cai, 

-81 

183 

.860 

t-Butylbenzene 

(CH,)AH, 

-58 

169 

.867 

Biphmyl 

CACgH, 

70 

255 


p-Terp^yl 

C|H|— 

171 



p-Quaterphenyl 

C.H.C,H4C,H«CA 

320 



Biphenylmethaae 

CgH,CH,C,H, 

26 

263 


Tripheoylmethane 

(C,H,),CH 

93 

360 


Tetraphenylmethane 

(C,H,)4C 

285 

431 


Styrene 

C,H,CH=-CH, 

-31 

145 

.907 

traru-Stilbene 

C,H.CH=-CHCJI, 

124 

307 


Phenylacetylene 

CJl,OiCH 

-45 

142 

.930 

Diphenylacetylene 

C»H,CaaCC,H, 

63 

300 



8.3 POLYNUCLEAR AROAAATIC HYDROCARBONS 

Aromatic hydrocarbons may contain more than one benzene ring. Several 
phenyl groups may be joined to aliphatic carbon atoms as in triphenyl- 
methane, (C»Hi)iCH, and 1,2-diphenylethane, ^CHiCHr—the phenyl 
groups may be joined together as in biphenyl, C«H(—CgHt; or several rings 
may be fused together as in pyrene. 



Pyrene 

Also, rings other than six-membered rings exist. For instance, azulene con¬ 
tains a seven- and a five-membered ring. 
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Azulene 

Some of these aromatic systems will be discussed. 

a. Bipheayl derivatives. The simplest two-ring aromatic compound is 
biphenyl. 


0 m 



The positions in the biphenyl system are numbered or referred to as shown, 
although either ring may be the pruned ring. For illustration, 



may be called 4-methyl-3'-bromobiphenyl or p-methyl-m'-bromobiphenyl. 
Since the Kekul^ resonance of each ring is independent of the other ring, 
either of the two possible Kekul4 forms may be written for each ring. The 
orientation rules for biphenyl are extensions of those for benzene, but a greater 
mixture of products is obtained than with benzene derivatives. Neverthe/ess, 
the major products are in accordance with the o,p-directing, or m-directing 
effect plus the ring-activating or ring-deactivating effect of substituents. For 
illustration, in 4-carboxy-3'-methylbiphenyl, the COOH group is ring-deac¬ 
tivating and the CHj group is ring-activating; hence, substitution occurs in 
the methylated ring, ortho and para to the Cllj group. 



Biphenyl and its derivatives are of some importance. There are four major 
methods of preparing them, three of which are used primarily for sym- 
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steric hindrance may olFect physical properties of .molecules. In this case, it 
has led to optical isomerism. 


b. Coadensed-riiig; polynuclear compounds. Naphthalene has two benzene 
rings sharing a carbon-carbon bond. 

P 

The positions are numbered or indicated as shown. Thus, in naphthalene 
there are four cdpha carbons and four beta carbons. Note that the two car¬ 
bon atoms eommon to both rings have no hydrogen atoms attached and 
therefore do not undergo substitution reactions. There are three KekuI4 
forms that can be drawn for naphthalene. One way to work them out is to 
draw a Kekul4 structure for either ring. Valence rules will then limit the 
bonding in the other ring to only one [wssible arrangement. 


a a 

CH CH 

/' \ /‘ \ 

HC' C »CH ^ 


HC 


I 


C 'CH d 

\. / \4 / 

CH CH 


Naphthalene 



Then, draw the other Kekul^ form for the first ring (the ring on the left, in 
this example). 



Now, looking at the right-hand ring in I, one observes that it has a Kekul6 
structure; hence, give it the other Kekul6 structure. This restricts the bonding 
in the left ring to one possible structure. 



The orientation rules for naphthalene derivatives are even less closely fol¬ 
lowed than those for biphenyl. In general, the alpha carbons are the most 
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reactive, and o,p-directing groups promote reaction at the attached ring, 
whereas m-orienting groups lead reaction to the other ring. 



S-Naphthalene- 8-NiironaphthaIene- 5-Nitronaphtha1ene- 

carboxylic acid 2-carboxylic acid 2-carboxylic acid 



NO, 

a-Naphthol l-Hydroxy-4- 

nitronaphthalene 

The position of substitution can be affected by conditions which chuge 
kinetically controlled products to thermodynamically controlled producta. 
For example, sulfonation of naphthalene at room temperature produces the 
faster forming a-isomer. 


SO,H 



Thus, the transition state for reaction at the a position of naphthalene is 
more stable than that for reaction at the |9 position, which leads to a faster 
formation of the a-isomer. The ^-isomer is the more stable, however, owing 
to steric hindrance from the H atom at the 8 position {peri position) to the 
S0|H group, and under equilibrium conditions the ^isomer predominates in 
the product. 

Anthracene has three benzene rings fused together side by side. The 
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positions are numbered as shown. There are four Kekulf structures for the 



Anthracene 


anthracene nucleus. In order to work out the four structures for a-methyl'‘ 
anthracene, for example, first give either end ring a Kekul6 structure. 

CH, 



Then, give the same end ring the other Kekul^ form. Next, do the same for 
the other outer ring, thereby getting two more structures, or four in all. 



Naphthalene and anthracene are both obtained from coal tar. Naphthalene 
itself is used as a moth repellent (mothballs). It is also a starting material 
for the commercial production of phthalic anhydride (used for the production 
of alkyd plastics, etc.). 



Phthalic anhydride 

Various derivatives of naphthalene and anthracene are used as intermediates 
in the preparation of perfumes, dyes, and other commodities. 

Many other polynuclear, condensed-ring aromatic comppunds are known. 
The hydrocarbons have been of extreme interest in recent years because some 
are very carcinogenic and others are not. Considerable attention has been 
given to them in an attempt to determine what basic structures lead to 
carcinogenic properties. Several controversial reports have been made as to 
whether or not 3,4-benzpjrrene, a strong carcinogen, exists in tobacco smoke 
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in sufficient quantity to produce lung cancer. More recently, it haa been 
reported that 3,4,9,10-dibenzpyrene, a more powerful carcinogen than 3,4- 
benzpyrene, is present in cigarette smoke, but that it can be filtered out and 
that some filters may already be doing it. 



„ , „ 3,4,9, lO-Dibenzpyrene 

3,4-Benzpyrene " 


8.4 CLASSIFICATION OF HYDROCARBONS 

Several classes of hydrocarbons have been taken up now, and for organiza¬ 
tion, they may be grouped as follows: 

Aliphatic Carbocyclic 


Saturated Unsaturated 
alkanes alkenes, 
alkynes, 
polyenes 



Saturated Unsaturated benzenes series polynuclear 

cyclo- cycloalkenes naphthalenes 

alkanes anthracenes, 

etc. 


P'or comparison, some of their chemical properties are given in Table 8.2. 
The saturated alicyclic and saturated aliphatic hydrocarbons react the same 
way, and may be grouped together. This is true also for the unsaturated 
alicyclic and aliphatics. It can be seen from Table 8.2 that the unsaturated 
aliphatics and alicyclics are easily distinguished from the other two groups 


TABLE 8.2. SOME COMPARISONS OF CHEMICAL PROPERTIES OF HYDROCARBONS 
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but that only nitric acid will permit a distinction between aromatic hnd 
saturated hydrocarbons. The general order of their reactivity toward halogens 

cydSkene ^ aromatic ^ ®ikane 

STUDY EXaCISES 

1. Give general equations for (a) the Friedel-Crafts reaction, (b) the Wurtz-Fittig, 
reaction, (c) the Ullmann reaction, (d) the Fittig reaction. 

2. Give the structures for (a) 2-methyI-8-broinoanthracene, (b) 0-naphthylamine, 
(c) o-methoxy-m'-nitrobiphenyl. 

3. What is meant by each term (a) dehydrocyclization, (b) resonance energy, 
(c) Kekul^ resonance of naphthalene? 

4. What are the industrial sources of toluene, o-xylene, naphthalene, biphenyl' 
benzene, ethylbenzene, and anthracene? 

5. Write the four Kekul4 structures for anthracene and for biphenyl. 

TEST QUESTIONS, Set 8 

1. Starting with benzene, how could one prepare in the laboratory (a) CiHiCH 2 Br, 
(b) o-chloroethylbenzene, (c) p,p'>dimethylbiphenyl, (d) p-isopropylbenzoic acid, (e) 
m-nitrobenzoic acid, (f) p-nitrobenzoic acid? 

2. What would you expect for the resonance energy of biphenyl relative to that of 
benzene? 

3. How could one distinguish cyclohexane from o-xylene by qualitative test-tube 
experiments? 

4. What series of laboratory reactions could one use to prepare toluene from 
Et0,C-(CH,)4-C02Et? 

5. What experiments could be carried out to distinguish o-, m-, and p-xylenes? 
They boil within 6° of one another. 

6. How could one prepare benzene from toluene? 

7. How would the following replacements be made on the benzene ring: (a) H by 
Cl, (b) Br by C,H., (c) n-C,H, by COOH, (d) H by NO,? 

8. W'hich of the following compounds would exhibit optical isomerism, and explain 
why or why not in each case: (a) 3,5-dimethyl-3',5'-dinitrobiphenyl, (b) 2,6-dimethyl- 
2'-6'-<linitrobiphenyl, (c) 2,2'-dinitro-6,6'-dimethylbiphenyl? 

9. Is optical isomerism conceivably possible for l-(2-bromo-6-ethylphenyl)-l- 
methyl-2-bromoethylene (a-methyl-^-bromo-2-bromo-6-ethylstyTene) ? 

10. Why does the Ci—C, bond of naphthalene have greater double-bond character 
than the C,—C, bond? 



9 

Halogen Compounds 


Alkyl halides are commonly designated by the formula R—X and aryl 
halides by where R and 0 represent aliphatic and aromatic groups, 
respectively, and X is a halogen. As stated previously, X does not usually 
include fluorine since fluorine compounds react and are prepared differently 
from the rest of the halogen compounds. 


9.1 NOMENCLATURE 


When the R group of an alkyl halide, RX, has a trivial name, the alkyl 
halide is normally named by giving this trivial name and adding the name 
of the halide. Otherwise, the R group is named according to the Geneva sys¬ 
tem and the halogen is regarded as a substituent. For illustration, several 
examples are given, some according to both schemes. 


CHr-CH-CH, 

Br 


Isopropyl bromide 
or ^bromopropane 


CHr-CH-CH,Cl 

I 

CH, 

Uobutyl chloride or 
1-chloro-^methylpropane 


CH, 

H,C—C—CHjBr 

I 

CH, 

Neopentyl bromide 


CH,«CH-CmC-CH=-C-CH, 

I 

Br 

0-Bromo-l, S-heptsdiene-S-yne 


CHi 



^Methylcyclopentene 


H Cl 



Cyclohexyl chloride 
or chloTOcyclohexane 
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Aryl halides are named as derivatives of the parent hydrocarbon. 



m-Bromochlorobenzene l-Iodo-5-chIoroDaphthalene 

F 



/S-Fluoronaphthalene 


9.2 PREPARATION 

a. Alkyl halides. Alicyclic halogen compounds are included here. 

Halogenaiion: The most obvious way to prepare an alkyl bromide or chloride 
would be to halogenate the respective alkane. However, as was stressed in 
Sections 1.2 and 2.7, halogenation of alkanes gives many polyhalogenated 
products whose separation is difhcult in the elementary laboratory. Several 
more convenient methods of preparing simple alkyl halides are available. 

Replacement of OH by X: This is a very common method of preparing 
alkyl halides, because many alcohols are available for starting materials and 
there are several reagents which may be used to effect the reaction, namely, 
PXi, PX(, HX, and SOXi. The reactions are a little more complex than is 
indicated by the following general equations, but the equations can be used 
for calculating percentage yields: 

PXi 3ROH + PX, P(OH), + 3RX 
PXi ROH + PXi RX + POX, + HX 
SOXt ROH + SOX, RX + SO, + HX 

ZnClt 

HX ROH + HX RX + HOH HI > HBr > HCl 

OH- 

The last reaction is readily reversible, and agents are used to shift the equi¬ 
librium in the direction desired. In this case a dehydrating agent is used to 
drive the reaction toward the alkyl halide. Sulfuric acid is frequently used, 
but ZnCl, is better. Tertiary alcohols are dehydrated so easily that sulfuric 
acid yields more of the respective alkene than alkyl halide. Also, if HI is 
the halogen acid used, sulfuric acid cannot be employed since it oxidizes the 
HI to iodine and water. 

AddUion of halogen acids to alkenes: This is a simple addition of HX to 
RtO-ORi, discuss^ in Section 3.4. The rate of addition of the halogen acids 
decreases in the order HI > HBr > HCl. 



HALOGEN COMPOUNDS 


223 


Industrial preparation. The cheapest method of producing alkyl halides, 
and the one most widely used commercially, is the halogenation of alkanes. 
The large industrial fractionating columns permit efficient separation of the 
reaction products, and a stockpile of halogen chemicals is built up to be sold 
as ordered. Otherwise, complex halogenated compounds are prepared by large- 
scale adaptations of the laboratory methods. 


b. Halobenzenes. Benzene derivatives undergo nuclear halogenation in the 
presence of Fe, FeClj, Al, or AlClj. 

.^H + X, ^ + HX 

Only a trace of catalyst is required, and the catalysts are referred to as halogen 
carrier catalysts. The mechanism of this reaction was discussed on page 202. 
With m-otienting groups present, elevated temperatures must be used, but 
it is possible to substitute all available hydrogen atoms on the ring. Again, 
halogenation refers only to chlorination and bromination. Fluorination is 
normally too violent to be carried out directly, and iodination is inconvenient.^ 
It has been stressed that aromatic compounds undergo substitution reac¬ 
tions rather than addition reactions. Nevertheless, in sunlight or strong 
artificial illumination, benzene will add three moles of chlorine or bromine. 



Cl 

CH 


/ \ 

Cl—CH CH—Cl 

1 I 

Cl-CH CH-Cl 


\ / 



No dichloro or tetrachloro products are recovered; only the hexachloro 


^ Iodination will take place but the HI formed in the reaction reduces the aryl iodide 
to revSFBe the reaction. Therefore, the yields of aryl iodide are poor unless some means is 
provided of removing the HI as it is formed. This may be done by adding nitric acid to 
oxidize the HI, but this technique is limited to those aromatic compounds resistant to 
oxidation by nitric acid. Iodination has also been carried out in the presence of AgsSOi, 
which precipitates the iodide ion. Sometimes iodine monochloride has Imn used for iodina¬ 
tion. 

H -f- ICl 0—I d" HCl 

The most common method of preparing aryl iodides is by replacement of the diazonium 
group as shown on page 408. Aryl iodides haVe been found to be useful for the synthesis of 
biphenyl derivatives by irradiating the aryl halide in an organic solvent; e.g., 

ha (2SS7 1) 

■■ 1 

btBBfM 

■olvfat 




X 


X 
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derivative is obtained. The product is 1,2,3,4,5,6-hexachlorocyclohexane; 
however, it is commonly called benzene hexacMoride. The carbon ring has the 
t 3 rpical chair conformation of cyclohexane compounds, and the chlorine atoms 
assume axial or equatorial positions. This gives rise to eight possible geometric 
isomers, one of which is asymmetric and may be resolved into two optical 
isomers. Using a conventional planar representation of cyclohexane rings, we 
may designate them as follows: 

0 0 0 0 

Alpha Beta Gamma 

0 0 0 0 0 

Delta Epsilon Eta Theta Iota 

All but the iota isomer and the dextro form of the alpha isomer have been 
isolated. The benzene hexachlorides are stable compounds, unaffected by hot 
water, light, and the atmosphere for long periods. They can be recrystallized 
from hot concentrated nitric acid. In the presence of alkali, even at ordinary 
temperatures, three moles of HCl are lost, giving a mixture of isomeric 
trichlorobenzenes. 

The gamma isomer, called Lindane, is a strong insecticide. Commercial 
products are mixtures of the geometric isomers and are known under several 
trade names, some of which are “666,” Gammexane, and Gammane. The 
insecticidal value of a sample of commercial benzene hexachloride depends 
upon its gamma isomer content. 

c. Aiylhalomethanes. As pointed out in Section 8.2, alkylbenzeues can 


undergo nuclear or Bide-chain halogenation. 


^CH, ^ 

0—CH»X 

a benzyl halide 

^H, 

«CHX, 

a benzal halide 

«CH, ^ 


a benzotrihalide 


The benzal chlorides and benzotrichlorides will be of interest when the 
aldehydes and acids are taken up. The benzyl chlorides may also be prepared 
by an introduction of the CHiCl group into the ring, called chloromethylation. 

<h-Ji + HtO=0 + HCl ^GH,C1 + H,0 

Chloromethylation takes place by an aldol-type addition of the aryl com¬ 
pound to formaldehyde, and subsequent replacement of the OH by Cl. Two 
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CHiCI groups may enter the ring when o,p-(lirecting groups are attached; 
but, with trM)rienting groups present, small yields of even the monochloro- 
metbylation products are obtained. 

Among the arylhalomethanes, the triarylhalomethanes are of special 
interest because of their use in preparing hexaarylethanes (see page 235). 
The triarylhalomethanes are usually prepared by one of two methods; 

1. Replacement of OH hy X: 

^aC—OH + HX ;=i ^aC—X + HtO 

This reaction goes very readily in either direction. Good yields of triarylchloro- 
methanes result by merely shaking triphenylcarbinols in concentrated hydro¬ 
chloric acid. 

2. FriedeIrCTafis reaction: 

3«—H -I- CCU^^aC—Cl + 3HC1 

Even with excess benzene, the fourth Cl of CCU cannot be replaced by this 
reaction. Owing to steric hindrance, the intermediate in the Friedel-Crafts 
reaction between ^aC — Cl and AlCla cannot be formed, and, therefore, no 
tetraphenylmethane is formed. 

9.3 PHYSICAL PROPERTIES 

The alkyl halides are very sparingly soluble in water, soluble in most 
organic liquids, and have sweetish odors. For a given halide (cf. Table 9.1), 
the melting points, boiling points, and densities increase with increasing size 
of the alkyl group. The alkyl chlorides are less dense than water, and the 
alkyl bromides and iodides are more dense. This is true only for mono- 
halogenated alkyl halides. 

Halobenzenes have physical properties similar to those of benzene. They 
are insoluble in water, concentrated acid, and base, volatile in steam, and 
inert to permanganate. 

9.4 CHEMICAL PROPERTIES 

Because of the large variety of chemical reactions which the alkyl halides 
will undergo and the commercial availability of all common alkyl halides, 
they are extremely important in organic synthesis and hold a strategic posi¬ 
tion in the organic chemical industry. In Section 9.4e it will be noted that 
a large number of classes of compounds can be prepared from alkyl halides. 
The alicyclic halogen compounds behave essentially like the alkyl halides. 
Halobenzenes undergo most of the reactions to be discussed for the alkyl 
halides, but the halobenzenes are much less reactive and sometimes require 
conditions not conveniently attained in the elementary laboratory. 
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TABLE 9.1. PHYSICAL CONSTANTS OP SOME HALOGEN COMPOUNDS 
ALKYL HALTOES 


Name 

Chloride 

Bromide 

Iodide 

Boiling 

Point 

Sp. Gr. 
(liq.) 

Boiling 

Point 

Sp. Gr. 
(liq.) 

Boiling 

Point 

Sp. Gr. 
(liq.) 

Methyl 

-24 


5 


43 

2.279 

Ethyl 

12.5 


38 

1.440 

72 

1.933 

7i-Propyl 

47 

0.890 

71 

1.335 

102 

1.747 

n-Butyl 

78.5 

.884 

102 

1.276 

130 

1.617 

n-Pentyl 

108 

.883 

130 

1.223 

157 

1.517 

n-Hexyl 

134 

.882 

156 

1.173 

180 

1.441 

n-Heptyl 

160 

.880 

180 


204 

1.401 

n-Octyl 

185 

.879 

202 
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Isopropyl 

37 

.859 

60 

1.310 

89.5 

1.705 

Cyclohexyl 

143 


165 




Vinyl 

-14 


16 

1.517 

56 


Allyl 

45 

.938 

71 

1.398 

103 

1.848 

Benzyl 

179 

1.102 

201 


93/lOmin 


Dihalomethane 

40 

1.336 

99 

2.49 

180d 

3.325 

Halofonn 


1.595 

190 

3.42 

BUbl. 

4.32 


ARYL HALIDES 


Name 

Melting Boiling 
Point Point 

Melting 

Point 

Boiling 

Point 

Melting 

Point 

Boiling 

Point 

Fluorobenzene 

n 






Chlorobenzene 

B9 






Bromobenzene 

-31 

156 





lodobenzene 

-31 

189 





Hexachlorobenzene 

228 

332 






Ortho 

Meta 

Para 

Fluorotoluene 


115 

-111 

115 


lie 

Chlorotoluene 

-34 

159 

-48 

162 

8 

162 

Bromotoluene 

-26 

182 

-40 

184 

28 

185 

Difluorobenzene 

-34 

92 

-59 

83 

-13 

89 

Dichlorobenzene 

-17 

180 

-24 

173 

52 

175 

Dibromobenzene 

6 

221 

-7 

217 

87 

219 

Nitroohlorobenzene 

32 

245 

48 

236 

83 

239 

Bromoanisole 


222 



11 

223 

Bromochlorobenzene 


199 



67 

196 

Bromoiodobenzene 


257 



92 

252 
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a. Reduction. The reduction of alkyl halides to alkanes was discussed in 
Section 2.3a as a method of preparing alkanes. 

red. 

RX—>RH 

Five reducing agents were presented, namely, H: + cat., Zn + HCl, HI + P, 
LiAlHt, and Mg then HtO. 

b. Wurtz reaction. This reaction also was discussed in Section 2.3a as a 
method of preparing alkanes. 

2RX + 2Na R—R + 2NaX 

The Wurtz-Fittig, Ullmann, and Fittig reactions of halobenzenes were given 
in Sections 8.1 and 8.3. 


c. Grignard formation. The Grignard formation is fascinating to watch. 
One takes an ether solution of an alkyl halide and suspends dry magnesium 
metal in it. Upon gently warming the mixture, the magnesium metal slowly 
disap[)ears. What happens is that the magnesium reacts with the alkyl 
halide to form a mctallo-organic substance, R—MgX, which dissolves in the 
ether solvent because of solvation (recall that when ions dissolve in water 
they become hydrated). In this case, the ether molecules form weak covalent 
bonds with the magnesium, and effectively dissolve the Grignard reagent. 


R X 

\ / 


Mg 

/ \ 


RiO ORi 


The reagent was developed but not discovered by Victor Grignard, and such 
compounds are named after him.* They are soluble in ether solvents owing 
to the solvation described above, but not soluble in aU organic solvents. They 
readily react with any substance having an active hydrogen, and therefore, 
the ether solvent must be absolutely dry. Moist ether prevents their forma¬ 
tion. 

Grignard reagents have two very typical chemical properties, which are 
(1) to react with compounds having active hydrogen atoms, and (2) to add 
to carbonyl groups (cf. Section 12.2b). In the former type of reaction, the R 


' M. S. Kharasch and 0. Reinmuth, Grignard Reactions of Nonmetallie Substances, 
Prentice-Hall, Inc., New York, 1954. Victor Grignard, a French organic chemist, received 
the Nobel Award in chemistry together with P. Sabatier in 1012. The correct formula of 
the Grignard reagent still is not known with certainty, but R—MgX can be used for making 
etoiohiometric calculations and writing equations. 
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group of the Grignard reagent always combines with the active hydrogen 
atom to form R~H. Because of these two types of reactions, Grignard re¬ 
agents are used in the preparation of alkanes, alkynes, alcohols, and several 
other classes of compounds. 

Grignard reagents may be formed from aryl and vinyl halides too, but 
mth more difficulty than from alkyl halides. Often the use of a higher boiling 
solvent, such as tetrahydrofuran, leads to successful Grignard formation. 
Grignards serve as a convenient means of removing a halogen atom from the 
ring: 


Mi 


HiO 


X -4 ,^MgX 0—H 


d. Dehydrohalogenation. The following reaction was discussed in Section 
3.2a as a method of preparing alkenes. 

R,C—CR, + KOH.1C. — R,C=CRj + KX + HOH 


H X 

When a halobenzene is treated with a very strong base such as potassium 
amide, dehydrohalogenation occurs to give an intermediate called a benzyne. 


Cl NHj 



e. Replacement reactions. The alkyl halides react with many types of 
reagents in an "exchange-partners” manner. Some of these reactions can be 
tabulated as in Table 9.2. 


TABLE 9.2. ALKYL HAUDE REACTIONS 

Type reaction: R—X -|- A—B —» R—B -|- A—X 


Alkyl 

Halide 

Reagent 

A-B 

Product R—B 

Side Product 
A-X 

Formula 

Class 

1. 

R-X 

KOH 

ROH 

Alcohol 

KX 

2. 

R—X 

R'OK 

R-O-R' 

Ether 

KX 

3. 

R-X 

KCN 

RCN 

Alkyl cyanide 

KX 

4. 

R-X 

KSH 

RSH 

Mercaptan 

KX 

5. 

R-X 

KNO, 

RNOj 

Nitroalkane 

KX 

6. 

R-X 

AgCN 

RNC 

Alkyl isocyanide 

AgX 

7. 

R-X 

HNH, 

RNH, 

Amine 

NHJC 

8. 

R-X 

NaCs^R' 

RC—CR' 

Alkyne 

NaX 

9. 

R-X 

NaR 

R-R 

Alkane 

NaX 
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Several other leas oommon reagents could be listed. Reactions 1-7 will be 
discussed later as the respective classes of compounds are taken up; reactions 
8 and 9 have already been used. 

Thus it can be seen that alkyl halides are important compounds in organic 
synthesis because they serve as starting materials for the preparation of a 
large number of classes of compounds. In addition to the nine listed above in 
the table, alkyl halides are used to prepare alkenes by means of debydro* 
halogenation, to prepare alkanes by reduction, to prepare alcohols, aldehydes, 
or acids via Grignard reagents (to be taken up later), and to prepare several 
other classes of compounds by a variety of reactions. Also, there is the 
advahtage that essentially all common alkyl halides are commercially ayail- 
able, so that a person can buy them rather than having to prepare them 
before starting a particular synthesis. 






R-CH|CH|SN 



R-CH.O^R' 
W.Nq 


R-CH|CH, 


ll-CM,CH|Ne 


R-CH,CH2-CN 


Fig. 9.1. Characteristic reaction chart for alkyl halides. 


Aryl halides undergo these same reactions but require more drastic condi¬ 
tions. Thus, alkyl halides hydrolyze smoothly in boiling water but aryl 
halides require temperatures near 200°. Vinyl halides and aryl halides are 
alike in this respect. Often the use of a suitable solvent to produce a homoge- 
ei^pUs reaction medium is the factor responsible for the success of a particular 
reaction. For instance, the replacement of X in alkyl halides by NOi gave 
poor yields until an organic solvent was found to dissolve the KNO 2 ’*, and 
it was impractical to replace X by CN**’ in aryl halides until it was dis¬ 
covered that N-methylpyrrolidone may be used as a solvent for reacting aryl 
halides with CuCN :*® 

* (a) N. Kornblum, et al., J. Amer. Chem. Soc., 78, 1407 (1956). (b) Dimethyl sulfoxide 
is a good solvent when one uses aikyl chlorides, which otherwise are slow to react (R. A. 
Smiley and C. Arnold, J. Org. Chem., 36,257 (1060); L. Friedman and H. Shechter, ibid., 
877). ( 0 ) M. S. Newmw and H. Boden, /. Org. Chem., 38, 2525 (1961). 
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+ CuCN 


N.M^Mpyrr,lida»^^_^CuX 


H,C- 


-CH, 


H,C C 

\ / \ 

N 0 


CH, 


N-Methylp}rTroljdone 
B.p. 202“ 

Completely miscible with water 
and most organic solvente. 


Substituents may also affect the reactivity of aryl halides. Metardirecting 
groups activate halogens when ortho or para to the halogen atoms. For 
example, p-nitrochlorobenzene may be hydrolyzed readily near 130“, 2,4- 
dinitrochlorobenzene below 100“, and 2,4,6-trinitrochlorobenzene is as reactive 
as an acid chloride. The general effects of structure upon reactivity of halogen 
compounds are discussed in the next section. 


9.5 REAaiVITY VS. STRUCTURE OF HALOGEN COMPOUNDS 


a. Replacement reactions. It was shown in the preceding section that 
alkyl halides undergo a large number of reactions, and most of these take 
place by either a displacement or an ionic mechanism. In the displacement 
reaction, a reagent approaches a carbon atom and gradually forms a bond 
with it while the bond holding the atom or group to be displaced is simulta¬ 
neously weakened and eventually broken. 


R 

\ 

Y: -I- R-C-X 

/ 

R 


R 

I 

• ■ C- ■ • 
R R 


R 

/ 

Y-C-R-bX: 

\ 

R 


The structure in brackets is visualized as the transition state, in which Y and 
X are both weakly bonded to the carbon atom. Observe that there is an 
inversion of the tetrahedron in going from RjC—X to Y—CRa. The tetrahe¬ 
dron inverts just as an umbrella might turn inside out in a windstorm. Such 
an inversion is called a Walden invereion and usually takes place in a displace¬ 
ment reaction. It is easily detectable with asymmetric carbon atoms, for if 
the three R groups are different, making the carbon asymmetric, the optical 
activity of RjC—X will generally be opposite to that of Y—CRj. In such a 
case, the rate of isomerization will equal the rate of reaction. This is the 
major point in support of the displacement mechanism of reaction. 

These displacement reactions are fairly common for nucleophilic reagents, 
and the reaction tends to go in the direction in which the stronger base die- 
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plaoeB the weaker base. The greater the difference in basicity of Y and X, 
the faster will be the reaction. The order of decreasing basicity of some 
common anions is: 

CHr > NHr > OR- > OH- > I- > Br- > Cl- > P- 
Thus, at comparable concentrations, OH- tends to replace the halide ions, 
OH- + R~X R—OH + X- 

whereas the halide ion does not replace NHr to any measurable degree. 

The displacement reaction involves the collision of molecular species 
(Y and X—Z, or Y—X and Z), and such a reaction is called bimoleadar. 
Therefore, this nucleophilic displacement reaction has been abbreviated Sn 2. 
The rate of reaction in the forward direction is proportional to the concen¬ 
trations of both Y and X—Z. Because the R groups (being much larger than 
hydrogen atoms) block the backside approach of Y to form the transition 
state, tertiary alkyl halides favor reaction by a different mechanism. 

r,(>_X^^^R,C+ + X- 

Y-4-R4C+-!^R,C-Y 

That is, the alkyl halide ionizes to a small extent, and the resulting carbonium 
ion quickly reacts with the reagent Y-. The rate of reaction in this case 
depends solely upon the rate of ionization, which is proprartional to the con¬ 
centration of RaC—X. It is, therefore, a unimolecular reaction and is 
abbreviated SnI. Thus, primary carbons react by the Sk 2 mechanism, tertiary 
carbons by the SnI mechanism, and secondary carbons react by both path¬ 
ways. 

The nature of the solvent can have a pronounced influence on the course 
of the reaction, and often the solvent is a reactant in the reaction, called 
solvolysit. Thus, an alkyl halide or tosylate (R—SO 3 C 1 H 4 —CHj—p) may 
react with water to give an alcohol, with a carboxylic acid to give an ester, or 
with an alcohol solvent to give an ether. In an ionizing solvent, i.e., one 
that promotes ionization, the ionic SnI mechanism is facilitated, whereas a 
nonionizing solvent favors the Sn 2 mechanism. For illustration, n-butyl 
chloride reacts with potassium iodide in acetone or acetonitrile much faster 
than does f-butyl chloride, whereas f-butyl chloride is the faster reacting in 
80% aq. ethanol (80% EtOH, 20% H,0) plus 0.1 N NaOH. 


n-BuCll . CHiCN 
t-BuCi; + ^^—' 


n-BuI (major product) 



(-BuOH (major product) 
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The beae is added in the solvolysis reaction to tie up the HCl as it is fonned. 

Mechanisms for elimination reactions of alkyl halides were given in Section 
3.2 and the stereochemical features were presented in Section 5.4. 

For a given organic group, the reactivity of alkyl halides varies with the 
type of halogen in the order I > Br > Cl. The differences are quantitative 
ra&er than qualitative; however, the structure of the organic group may 
have a much larger effect upon the reactivity of an alkyl halide. For example, 
allyl halides, CH 2 =CH—CHj—X, hydrolyze in water at room temperature, 
reaction being detectable by precipitation of the halide ion with silver ion. 

CH,-CH-€Hr-X + H,0 ^ CH,=CH-CH,OH + H+ + X- ^ AgX 

Of course, the reaction is speeded up by the presence of hydroxide ion. On 
the other hand, alkyl halides can be shaken with water at room temperature 
for an hour or so with only a small amount of hydrolysis taking place, if any. 
If the mixture is heated—for example, to the boiling point of water—^the rate 
of reaction is appreciable. Then again, vinyl halides, CH 2 =CH—X, undergo 
no significant hydrolysis even at 100°; but hydrolysis will take place at a 
practical rate at 200°. Toward all reagents, this is the relative order of these 
aliphatic halides: allyl» ilkyl» vinyl. This sequence can be accounted for 
in terms of the resonance heory. It will be recalled from the discussion in 
Section 7.2 that a structural formula can be used to represent a molecule as 
long as the structure is consistent with all properties observed for that 
molecule. For example, the structural formula CHSCH 2 CI can be used to 
interpret all the known properties of ethyl chloride. With excess sodium 
metal one would expect to get n-butane; with sodium ethoxide one would 
expect to get ethyl ether; with sodium hydroxide one would expect to get 
ethyl alcohol; and with alcoholic potassium hydroxide one would expect to 
get ethylene. All these expectations are met, of course. Also, the structural 
formula of ethyl chloride is consistent with its observed physical properties. 

There are many compounds whose structures cannot be represented by a 
single structural formula. That is, chemists are unable to draw one structural 
formula (or construct an atomic model) which is consistent with all the 
properties of that given compound. One structure may explain some of the 
properties, whereas a different structure must be used to account for other 
properties. For example, why should the chlorine be so much harder to re¬ 
place in vinyl chloride, CHt»CH—Cl, than it is in ethyl chloride? Perhaps 
the chlorine is held on in a different way in the two compounds. Furthermore, 
when the bond distances in vinyl chloride are measured, it is found that the 
C=C bond distance is different from that found in simple alkenes, and the 
C —Cl bond length of vinyl chloride is different from the C—Cl bond length 
of nmple alkyl chlorides. For example, 
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H H 



1 I 

H H 


H H 


\ 

/ 


C=C 


/ 


\ 


H H 

H H 


\ / 


C=C 


/ 

H 


\ 

Cl 



C—C - 1.54 A 
C-Cl - 1.76 A 

C«=C - 1.33 A 

C=C = 1.34 A 
C-Cl = 1.72 A 

C—Cl - 1.69 A 


Thus, in vinyl chloride, the C=C bond is longer than normal, and the C—Cl 
bond is shorter than normal. The valence-bond dashes used in structural 
formulas represent shared electron pairs, it will be remembered, and the 
electronic structure for vinyl chloride might be that in structure I : 

H. .H 

:c: :c: . 

H' ;ci; 

I 


Suppose that one electron pair on chlorine moves in between carbon and 
chlorine, and that one of the double-bond electron pairs migrates out on the 
/3-carbon atom. That is. 


H. .H 
!C(p-C! . would give 
H (^ci; 


.H 

H‘.C:C: 

■■'ci: 


If formal charges (see Section 1.1) are determined, the i8-carbon has a neg¬ 
ative charge and the chlorine atom a positive charge, as in II; 


H H 


\ / 


C-C 


/ 

H 



H 

I- / 

H-C-C 


H 


\ 

C1+ 


I 


11 
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But notice that the carbon-carbon bond in II is a single bond and that the 
carbon-chlorine bond is a double bond. Since single bonds are longer than 
double bonds, the carbon-carbon distance in II is greater than in I, and the 
carbon-chlorine distance in II is shorter than in I. Since the experimentally 
observed values are between the normal C—C and C=C bond values, chem¬ 
ists say that the actual structure of vinyl chloride is neither 1 nor II, but 
some intermediate structure which cannot be indicated by any single struc¬ 
tural formula. In other words, vinyl chloride has a certain resemblance to I 
and a certain resemblance to II. It will undergo addition reactions to the 
carbon atoms, a fact which provides evidence for I. At the same time the 
chlorine is hard to replace, a fact which suggests a strong bond, such as a 
double bond, between the carbon and chlorine atoms. Also, physical prop¬ 
erties, such as the bond distances and dipole moments reveal the resemblance 
of vinyl chloride to structure II. Therefore, the actual structure of vmyl 
chloride is neither I nor II, but a composite of I and II, i.e., something in 
between the two. This is what is called resonance. It is a circumstance in which 
more than one structural formula must be given to represent all the observed 
properties of a compound, the compound actually having no one of the 
proposed structures but a weighted composite of them all. 

Similarly, the inertness of aryl halides toward nucleophilic reagents is ac¬ 
counted for in terms of the halobenzene resonance: 



In addition to this phenyl-halogen resonance, there is still the Kekul6 
resonance of the ring. It can be seen, therefore, that structural formulas for 
aryl halides are only approximations for the actual structures. 

It will be found that whenever resonance does occur for a compound, the 
compound Avill be more stable than would be expected on the basis of any 
single proposed structural formula for that compound. This explains the 
high reactivity of allyl halides. In the displacement reactions 

B- + CH^H—CH,X-» CH:-*CH~CH,B + X- 

where B~ is some base, if the allyl halide is able to ionize, then the reaction 
would take place more readily. Now, if the allyl halide were to ionize, it 
would yield CH8=CH—CHj'*’. Normally such ions, carbonium ions, are 
very unstable, but in this case, resonance occurs to stabilize the ion. This 
does not mean that allyl chloride is ionic, but that it has a tendency to 
produce the intermediate ion. This facilitates reaction to the extent that 
hydralysis occurs even at room temperature. There is no reason to choose 
between CHj=«CH—CHj+ and +CHj—CH=CHi as the best structure of 
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diC • Cdi ^ 2diC ■ 

Gomberg’s experiments attracted the attention of many chemists, and con¬ 
siderable work has been done in this area since then. This is another illustra¬ 
tion of the unusual stability of compounds exhibiting resonance. Aliphatic 
free radicals are too unstable to exist for more than a small fraction of a 
second (Section 2.4). However, triarylmethyl free radicals are stable in solu¬ 
tion, and some are even stable in the solid state. The free radicals are res¬ 
onance hybrids of many structures in which the odd electron is located on 
any of the ortho or para carbon atoms of the three benzene rings. 


d d d d 



d d d d 


When substituents that will also accommodate the odd electron are in the 
ring, the free radicals are further stabilized. The degrees of dissociation of 
some hexaarylethaces into free radicals are given in Table 9.3. 


TABLE 9.3. MSSOCIATION CONSTANTS FOR SOME HEXAARYinHANES 


Substituted Ethane 

Hexaphenyl. 

Hexa-p-tolyl. 

Hexa-j3-naphthyl. 

Hexa-p-ani.syl. 

Hexa-p-nitrophenyl. 


K (in benzene near 26°) 
0.0002 
12 
30 
120 

Largely dissociated in solid state 


Resonance alone is not responsible for the dissociation of hexaarylethanes. 
Steric hindrance in the undissociated compound is known to weaken the 
ethane C—C bond to facilitate dissociation.* 

There are three general methods used to study the degree of dissociation 
of hexaarylethanes. 

1. Colorimetric: The undissociated ethanes have little or no color, but the 
free radicals are colored. Hence, the depth of color formed is proportional to 
the degree of dissociation. This method is far from being quantitative. With 
the use of a spectrophotometer, it can be made quantitative. 

2. Cryoscopic and ebidlioscopk: The freezing-point lowering and boiling- 
point elevation of solvents are due to the number of particles in solution and 


It hsa been shovn, however, that the conductivity dependa upon the presence of oxygen, 
and the absorption spectrum of triphenylmethide ion is missing from the spectrum of the 
solution. The equilibrium is therefore more complex than simple ionization into the car- 
bonium ion and carbanion as commonly expressed. 

* L. N. Foguaon, The Modem Strvctural Theory Orfanie Chemistry, Prentice-Hall, Inc., 
Englewood Cliffs, N.J., 1963, pp. 366 ff. 
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provide an old, established method of determining molecular weights. This 
method has the disadvantage of being applicable only at the temperatures 
near the freezing or boiling points of the solvents used. Since the degrees of 
dissociation of hexaarylethanes vary with temperature, it is desirable to 
make measurements at various temperatures. 

3. Magnetic sneceptibility: This method is the most widely applicable. It is 
based on the fact that substances with unpaired electrons are magnetic. In 
addition to the properties of mass (energy) and electric charge, an electron 
has the property of spin. Since a rotating charge produces a magnetic held, 
a spinning electron produces a magnetic dipole whose direction depends upon 
the direction of spin of the electron. Any atom with an odd number of elec¬ 
trons, and therefore having at least one unpaired electron, will be magnetic. 
In fact, when we speak of paired electrons, we mean their magnetic dipoles 
are oriented in opposite directions to cancel each other. All electrons in the 
hexaarylethane molecule are paired, but the free radicals each have an un¬ 
paired electron and are magnetic (the term used is paramagnetic). By measur¬ 
ing the magnitude of the magnetic property (the term used for this is magnetic 
eusceptibikty) of hexaarylethane solutions, the degree of dissociation can be 
determined. 

Trityl halides react with primary alcohols in preference to secondary 
alcohols. Advantage is taken of this fact to alkylate selectively alcohol groups 
of carbohydrates (Section 23.2b). 

9.6 FLUORINE COMPOUNDS 

Monofluoro aliphatics are not greatly different from the other monohalo 
aliphatics, but since most of the important reactions of the alkyl halides 
involve removal of the halogen, the alkyl fluorides have little use in this 
capacity because of the difficulty in breaking the C—F bond. On the other 
hand, polyfluoro aliphatics are greatly different from the other polyhalo 
compounds, and the polyfluoro chemicals opened up a new area of organic 
chemistry. More will be said about them after the simple alkyl fluorides are 
discussed. 

a. Preparation of alkyl fluorides. The most general method of preparing 
alkyl fluorides is through the replacement of a halogen atom by a fluorine 
atom; 

R—X + MF -+ R—F + MX MF ■ SbFg (Swarts reaction) 

HgFi, HF, etc. 

The alkyl halide is refluxed over the metal fluoride for a given period and 
then distilled. Usually the reaction is carried out in copper or stainless-steel 
apparatus. Liquid hydrogen fluoride will serve as well as the metal fluorides. 
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Anhydrous potassium fluoride in a solvent such as N-methylpynolidone 
has been found to give good yields. 

Alkyl fluorides have been produced also by (1) adding hydrogen fluoride 
to alkenes, (2) replacing the OH group of alcohols by fluorine atoms, or 
(3) by direct fluorination; but these methods are frequently unrehable. In 
(1) the reaction must be conducted at low temperatures, —40° to —60°, to 
minimize polymerization of the alkene and isomerization of the products. 
Reaction (2) is reversible, with the equilibrium usually on the undesired side, 
and several side products are produced. With respect to (3), most organic 
compounds burn or explode when brought into direct contact with fluorine. 
Addition of fluorine to a double bond liberates about 107 kcal/mole, whereas 
chlorine liberates only 33 kcal. Substitution of fluorine for hydrogen liberates 
104 kcal, whereas 24 kcal are liberated from chlorine substitution. Thus 
fluorination liberates enough heat to break most single covalent bonds in 
organic compounds and liberates at least sufficient heat to ignite many 
compounds. There are several techniques employed to moderate the reaction. 
One technique is to dilute the fluorine stream with an inert gas; a second is 
to use an inert solvent for diluting the reactant, for which CF* is frequently 
chosen. The third technique is to use a container immersed in a low-te.a- 
perature bath whose inside is crisscrossed with metal sheets to help conduct 
the heat of reaction to the cold sides. In spite of these several precautions, 
the most generally successful method of preparing alkyl fluorides in the 
laboratory is by the Swarts reaction. 

Most aliphatic fluorine substances of importance are polyfluoro com¬ 
pounds, but one commercial monofluoro compound is sodium fluoroacetate, 
CHjF—COjNa. A trade name for it is 1080; it is a very toxic rat poison, but 
unfortunately, it is also poisonous to human beings. 

b. Fluorochemicals. Fluorocarbons, sometimes called perfluoro chentr 
icak, are fluorine analogs of hydrocarbons; the latter contain hydrogen and 
carbon only, and fluorocarbons contain fluorine and carbon only. When more 
than one fluorine is attached to a single carbon, and particularly when all 
valences of an aliphatic carbon have fluorine attached, remarkable new 
properties result. This has led to the development of compounds of unusual 
value. Even the typical properties of functional groups in fluorocarbon 
derivatives are sometimes altered. 

Preparation of fluorochemicals: In the laboratory, fluorocarbons and their 
derivatives are generally prepared by the Swarts reaction. Commercially the 
following three methods are used most extensively; (1) Swarts reaction, 
(2) addition of HF to olefins, and (3) electrofluorination, This third method 
is the newest and most practical at present. An organic compound is dis¬ 
solved in liquid HF and the solution electrolyzed. The process has the ad- 
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vantageB of (a) fluorination going to completenees, and (b) the final products, 
but not the intermediates, being insoluble and separating automatically. 

Properties of flmrochemicals: The fiuorochemicals have several important, 
and sometimes unique properties. 

1. Unusual stability. Most fiuorochemicals resist decomposition at tem¬ 
peratures up to “dull red heat," and are inert to all chemicals, including 
oxygen and fluorine, up to about this same temperature. For example, a 
temperature of about 550" decomposes propane, whereas a temperature near 
1000® is required to disintegrate perfluoropropane, CsFb. Hence, oils, plastics, 
paints, and rubbers composed of fluorocarbons impart for strategic purposes 
thermal stability, oxidation resistance, and nonflammability. For illustration, 
when tetrafluoroethylene, CFj=CF!, is polymerized, the product, called 
Teflon, 



is inert to all chemicals. It makes good electrical insulators and gaskets 
which are to be exposed to caustic reagents, such as fluorine in fluorine 
generators. It makes an ideal lubricant because it stays slippery at tem¬ 
peratures below —40° and above 300°, does not collect sand or dust, can be 
sprayed like paint on metal or wood surfaces, and then heat-fused into a 
coating that sticks like enamel. For this reason it is a “miracle lubricant” 
for the Armed Services, whose weapons are exposed to all temperatures and 
get very hot during firing operations. In gun-firing tests, freedom from 
cartridge-jamming and deposits are far beyond expectations. Another simple 
application of Teflon coatings is made by commercial bakers. They formerly 
used large quantities of flour to prevent dough from sticking to pans and 
dough chutes, but on Teflon-coated surfaces, loaves and pies can be turned 
out without leaving a crumb. 

Trifluorobromomethane, CFjBr, is a nontoxic fire extinguisher, twice as 
effective as the old carbon tet, CCh, which produces highly poisonous phosgene 
when used for extinguishing fires. 

2. Low intermolecular forces. The second valuable property of fiuorochem¬ 
icals is their low cohesive forces. In Section 1.2 was discussed the trend in 
polarity of compounds from one extreme of ionic compounds (salts) to the 
other extreme of nonpolar compounds (hydrocarbons). Also the simple 
generalization that “like dissolves like” was made. Normally substances will 
either dissolve in polar solvents such as water and alcohols or in nonpolar 
solvents such as carbon tetrachloride and hydrocarbons. That is, substances 
are generally waterlike or oillike; the waterlike do not dissolve in oils and the 
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oillike do not dissolve in water. The fluorocarbons form a third class, how¬ 
ever, with little tendency to mix, i.e., “be wetted” either by the waterlike or 
the oillike liquids. Since most materi&ls commonly encountered are either 
waterlike or oillike, it is difficult to And anything that will stick to a fluoro¬ 
carbon surface. Accordingly, fluorocarbon surfaces are readily cleaned from 
practically everything and are water repellent. Fabrics treated with fluoro- 
chemicals are virtually stainproof. Hence, fluorochemical materials make 
good surface coatings and high-temperature lubricants. 

Because of their low intermolecular forces, the fluorochemicals have rela¬ 
tively low boiling points and their vapors approach perfect gas behavior. 
Many binary mixtures of perfluorochemicals are ideal solutions. Because of 
their low' boiling points, combined ivith their chemical inertness, the fluoro¬ 
chemicals have other important uses. Mention will be made in Section 9.7a 
that Freon is a nontoxic, noncorrosive, nonflammable, and odorless refrigerant. 
These properties which make Freon a good refrigerant, also make it an ex¬ 
cellent propellant in aerosol dispensers of insect repellents. The repellents 
are used extensively in the field as w'ell as in the home (cf. Section 9.7g). In 
addition, their low flammabilities and low dielectric constants make the fluoro¬ 
chemicals the only suitable materials for liquid coolants in coaxial cables 
which transmit high-frequency and microwave energy. 

3. Electronegative groups. The large electronegativity of fluorine imparts 
a very large electronegativity to fluorocarbon groups. As a result, perfluoro- 
alkyl amines and ethers do not show basic properties and may be classified 
as inert fluorochemicals. The fluorocarbon carboxylic acids have acid strengths 
equal to mineral acids, and their high thermal and oxidation stability makes 
them very useful as surface-acting agents in highly reactive systems such as 
nitration and sulfonation reactions. Also, as acid catalysts or oxidizing agents 
(electron seekers), they are used advantageously for several reactions, some 
of which will be used in this book (pages 347, 370, 428 and 435). 

Ferfluoroalkyl groups considerably alter the characteristic properties of 
functional groups. Some of these will be mentioned when the respective classes 
of compounds are taken up. For example, the nucleophilic substitution of 
halogens by OH, NHi, etc., was discussed in this chapter; however, CFJ 
does not undergo such reactions. RX compounds readily hydrolyze at 100" 
to give ROH -{- HX, but CFsI yields Cf'aH -|- lOH, indicating that the 

polarization of the C—I bond in CF|I is C ^ I rather than the usual C: I. 

9.7 USES OF HALOGEN COMPOUNDS 

Halogen-containing organic chemicals are used for a wide variety of 
purposes, not to mention the numerous types of syntheses outlined in this 
chapter. In addition to the uses of the perfluoro compounds described in 
Section 9.6, halogen compounds are used extensively for the following 
purposes: 
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a. Refrigerants. To be a refrigerant a substance must have a boiling point 
not far above room temperature, and it must be transformable from a gas to 
a liquid by pressure alone at this same low temperature. Sulfur dioxide and 
ammonia were used as refrigerants for some time, but they have the un¬ 
desirable properties of being toxic and very irritating. The discovery of 
Freon provided a nontoxic, odorless, and very effective refrigerant, which is 
now used almost exclusively. Freons are polychlorofluoro alkanes. Freon 112, 
a commonly used member, is CjCUFi. 

b. Spreaders. Much of the success of DDT (page 243) and other modern 
insecticides is due to their efficient distribution by aerosol bombs over agri¬ 
cultural areas, leaves of plants, and in hard-to-reach places. These bombs use 
Freon as the propellant. Octafluorocyclobutane (Freon C-318) was the first 
fluorocarbon propellant approved by the Food and Drug Administration 
for food use. It is used in pressurized cans with "whipped creams,” etc. 

c. Antiseptics. Iodoform, CHIj, is an old antiseptic which is still used in 
some surgical dressings. 

d. Fumigants. Methyl bromide is used for fumigation of meat-packing 
plants. It is able to control rodents, cockroaches, ham beetles, and other 
vermin without contaminating meat or imparting odor, taste, or toxic residue. 

e. Anesthetics. Ethyl ether, or often just ether, (C:H6)iO, is the anesthetic 
generally used, primarily because of its case of administration and the excel¬ 
lent relaxation of the muscles which it causes (see Section 11.5). It does have 
certain undesirable effects, among which is its aftereffect of nausea. Other 
ethers and certain halogenated compounds, such as chloroform, CHClj, vinyl 
chloride, CHt=»CHCl, and ethylene chloride, CHjCl—CHjCl, each offer 
certain advantages over ethyl ether, but none has found extensive use yet. 

f. Solvents. Alkyl halides are used as solvents for dry cleaning (carbon 
tetrachloride is an old familiar one), for degreasing metals, and for low- 
temperature extraction processes. 

g. Pesticides. Aromatic and alicyclic halogen compounds find extensive use 
as pesticides because of their toxic properties. It is therefore an appropriate 
time to discuss pesticides. The term pesticide has come into use in recent 
years to refer to chemicals used for the protection of man and his possessions, 
domestic animals, crops, and forests against attack by insects, plant diseases, 
weeds, rodents, etc. The objective is to have a maximum control of pests 
with a minimum of damage to other forms of plant and animal life. The 
focus of attention on the first factor with frequent neglect of the second 
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brought on much public criticism in 1962 on the use of pesticides, triggered 
by Rachel Carson’s Silent Spring. However, subsequent governmental pro¬ 
grams and controlled use of pesticides have improved their effective applica- 
tion. 

All through history, man has waged a constant 6ght against insects, and 
although many triumphs have been achieved, insects still threaten man's 
welfare. It would be impossible to produce an adequate world supply of food 
today without the use of pesticides. Entomologists estimate that there are 
about 1,000 household insects per person in the United States alone, and there 
are many times this number of outdoor pests. If man were to let up in the 
fight for just 24 hours, he would be completely overcome. An example of 
what an unchecked plant disease can do is the 1845 invasion of Ireland by 
potato blight. It destroyed Ireland’s chief food crop, killed 12 per cent of the 
population, and forced another 18 per cent to leave the country. There is no 
attempt to wipe out the scavengers completely; man hopes merely to reduce 
them to a nuisance value rather than the menace they now present, Even 
in the face of effective aerosol bombs and specially designed pesticides of 
high potency, insect populations continue to grow. 

In this country alone, there are 85,000 kinds of insects, mites and other 
pests. About 0,500 of these are considered destructive, and about 600 major 
insect pests cause an annual crop and livestock loss of over $4 billion. 

One hundred different insects, including the codling moth, inflict 30 to 40 
million dollars’ worth of damage each year on apple trees and they could 
not be grown economically without chemical control. Spraying with DDT 
and other chemicals has reduced the yearly loss of cotton by the boll weevil 
from SI billion to a fourth of that amount. Note that the losses are in billions 
of dollars, not just millions. In attempting to keep insects under control on 
farms and indoors in the United States, about $400 million is spent annually. 

The principal household offenders are the clothes moth, flies, mosquitoes, 
roaches and carpet beetles. Some of the most destructive farm pests are the 
grasshopper, the corn earworm, the Mexican bean beetle, cotton aphids, 
potato beetles, certain fungi, and, of course, grass weeds. Among the insects 
which plague cattle mercilessly is the horn fly. 

To combat these pests, both space and surface sprays are used. A surface 
spray is intended for crawling insects. It contains a residual toxic compound 
that will kill weeks after application. The space spray is used against flying 
insects. The usual propellants for aerosol bombs are fluorocarbon gases such 
as Freon. 

At the close of World War II, DDT ushered in the era of synthetic insecti¬ 
cides. Now, industry has introduced many other potent ones, of which only 
a few can be mentioned. 
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General household and field insecticides: 
DDT. 


Lindane 


m-Delphene 


2-Ethyl-l ,3-hexanediol 
Naphthalene 1 
p-Dichlorobenzene J 

Chlordan. 


Prolan 


Remarka 



1,1,1 -Tri chloro-2,2-biB- 
(p-chlorophenyl)-ethane 


Benzene hexachloride. Particularly good 
against the boll weevil, the cotton aphid, 
and the locust 

Diethyl toluamide. Can be applied in alco¬ 
hol solution directly on the skin. Gives a 
pleasant lotion feeling. Very good mos¬ 
quito repellent 

Most common solid moth repellents 
Cl Cl 



Irritating to skin and highly toxic inter- 



NO, 


Methoxychlor. Methoxy analogue of DDT. Can be used 

in dairies and does not impart toxicity or 
taste to milk 

Dieldrin. Cl 
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Parathion 


Pyrethrin 


Allethrin 



Thanite and Lethane 
(thiocyanates) 
Lead arsenate 
Calcium arsenate 

Herbicides: 

2,4-D. 

2,4,5.T 


Fungicides'. 

Pentachlorophenol 


Copper lactate and naphthenate 
Phenylmercuric compounds. 

Sodium propionate. 

Fumigants: 

HCN. 

CHiBr. 





P-OC,H, 

(!)C.H, 


The most potent insecticidal constituent 
of pyrethrin flowers. Pyrethrin is a variety 
of Chrysanthemum grown in Western 
Asia, Africa, and South America. In 
hydrocarbon solvents, pyrethrin is highly 
potent against household pests and is 
completely nontoxic to humans and 
animals 


A synthetic material having insecticidal 
properties similar to pyrethrin, and also 
effective against insects resistant to DDT 


Pyrethrin, R = 

CH,—CH«=CH—CH»-CHa 
Allethrin, R * CHr-CH=-CH, 


Very toxic to man 


2,4-Dichloro- and 2,4,5-trichlorophenoxy- 
acetic acids. Unusually good weed and 
brush eliminators. Nontoxic to livestock. 
Are plant hormones which stimulate ab¬ 
normal growth followed by death of deep- 
root plants 

Spread at base of houses for protection 
against wood ticks, and coated on military 
equipment for protection against fungi 

Among the best. Very active, least toxic 
to man, odorless, and withstand leaching 
A mold inhibitor in bakery products 

One of the oldest in use 
Used in meat packing plants 
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Rodenticides: 


1080. Sodium fluoroftcetate. Extremely poteat, 

but toxic to all animals and man 

ANTU. a-Naphthylthiourea. Strong rodenticide 

but toxic to man. Attacks the lungs and 
drives animals out in the open where they 
die in 10-24 hours after ingestion 


Lampreycides: 

2770 (m-Triliuoromethyl-4-nitro- 

phenol). Used in the Great Lakes to kill the 

lampreys, which otherwise kill the fish. 

Just as germs build up a resistance to drugs, insects slowly become resistant 
to ipsecticides. For example, after the war, DDT would wipe out flies and 
mosquitoes almost entirely where it was used. Then a few years later, strains 
of flies and mosquitoes were found to be unaffected by DDT. Entomologists 
turned to other chemicals for fly control. For a while, Lindane, Methoxychlor, 
and others were active against DDT-resistant flies and mosquitoes; then these 
too lost their effect. In another case, thrips in California citrus groves were 
controlled for several years by tartar emetic. Over a period of seven to nine 
years the thrips built up a resistance to tartar emetic, rendering it of little 
use. DDT was then employed effectively, but in three to six years the thrips 
also became DDT-resistant. Now, for the past three to four years, Dieldrin 
has been used satisfactorily. 

Since it takes from 20-40 generations to develop a high level of resistance, 
some insects like the codling moth and the corn borer can be controlled 
by a single insecticide over a 10-20 year period. When an insect does be¬ 
come resistant to one insecticide, it usually has some resistance to chem¬ 
ically similar insecticides. Hence, the different insecticide used should be 
one having a markedly different structure. Also, synergists—compounds 
which activate insecticides but are harmless when used alone—increase the 
effectiveness of insecticides. Although synergists are usually structurally 
related to a given insecticide, e.g., (ClCiHiliCH—CHj is a synergist for DDT 
(ClCeHOtCH—cell, this is not always the case, because 

p-Cl-C,H4S(WI(C4H,-n). 

is also a powerful synergist for DDT. 

Hence the fight against insects continues, but man is using new and more 
effective weapons. Over 100 different pesticides are in commercial use today. 

A new technique is to use chevmUrUanta, whereby an agent is used to stei^ A 
ilize one sex of a particular pest so that the ^)ecie8 is soon eradicated. Sex 
attraotants are also being to lure one sex of a specific pest. The sex 
attractant is mixed with a pesticide so that the pest is wiped out without 
rfie pesticide coming in contact with the plants. This avoids any possible 
residue on foods. Qyplure, the sex attractant of the gypsy moth, is one of 
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the most powerful biologically active chemicals known; as little as 10^^^ 
micrograms will attract the gypsy moth. 


STUDY EXERCISES 


1. Illustrate by general equations four methods of preparing alkyl halides. 

2. What reagents and conditions would be used to convert ethyl bromide into 


(a) ethyl alcohol 

(b) ether, (C 2 He )20 

(c) ethane 

(d) nitroethane 

(e) ethyl cyanide 


(f) ethylene 

(g) ethyl mercaptan, CjHjSH 

(h) ethylamine, C 2 H 6 NH 2 

(i) ethyl isocyanide, CjH»NC 


3. State several uses of halogen compounds other than for chemical synthesiSi and 
for each use name a specific compound which is employed. 

4. What is the order of ease of hydrolysis of the halogen in (CH»)aC—Cl; 
CHjCHjCHICHa; CH^^CH-CH^Br; CHaCHaCHBrCH,; CH3CH2CH2I, and 
CH 2 -=CHC 1 ? 

5. Do alkyl halides ionize when in contact with water? How could this be verified? 

6. Why are alkyl bromides often used in the laboratory' in preference to the chlo¬ 
rides? 

7. How may aliphatic fluorine compounds be prepared in the laboratory? 

8. Give general equations for two methods each of preparing benzyl halides and 
triarylhalomethanes. 

9. Give an equation for the chloromethylation of toluene. 

10. Give equations for the reaction of l)enzyl bromide with KCN, KOH, KNO*, 
Mgf CsH^aj and CsHsLi. 

11. What are free radicals? Why is triphenylmethyl more stable than triethyl- 
methyl? 

12. Most primary alcohols react with HBr by the Sn 2 mechanism, but neopentyl 
alcohol appears to react by the SnI mechanism. Offer an explanation for this difference 
in mode of reaction. 


TEST QUESTIONS, Saf 9 

T. What series of reactions could be used to prepare isopropyl bromide from 
n-propyl bromide? 

2. Mention one or two reasons why the organic halogen compounds used as 
solvents in industry are chlorides rather than bromides or iodides. 

3. How could one prepare 1,1-dibromoethsne and l>2-dibromoethane? 

4. What volume of methane, measured at 190 mm of mercury and —136°, would 
be produced by the hydrolysis of 11.93 g of methylmagnesium bromide?, 

5. How could one distinguish by qualitative test-tube experiments (a) allyl 
chloride from n-propyl chloride, (b) allyl bromide from vinyl bromide, (c) 

CHjCHjBr from CH 2 =CH—CH 2 Br, (d) n-pentyl bromide from 6-bromo- 

l-pentene? 

6. What volume of 5 ^ NaOH would be required to neutralize the acid liberated 
in the hydrolysis of 61.5 g of ijSopropyl bromide? 

7. \^at effect should the resonance of vinyl chloride have on the dipole moment 
of the compound? 

8. What Berm of laboratory reactions could be used to prepare the following, 



HALOGEN COMPOUNDS 


247 


starting with bensene in each case: (a) m-bromobensoic acid, (b) m-nitrochloro- 
bensene, (c) p-methylbenzyl alcohol, p^Hi--C,H 4 —CHrf)H? 

9. What series of laboratory reactions could be used to convert o-bromobenzyl 
chloride, o-Br—CtHi—CHiCl, to m-nitrobenzenesulfonic acid, m-OjN—C,H<—SOiH? 

10. How could one distinguish by qualitative test-tube experiments (a) p-chloro- 
toluene from l-chloro-t-methylcyclohexane, (b) chlorobenzene from toluene, (c) ben¬ 
zene hexachloride from hexachlorobenzene? 

11. Does the alpha isomer of benzene hexachloride have a plane of 8}rmmetry7 Can 
it be superimposed upon its mirror image? Where is the plane of symmetry of the eta 
isomer? 

12. Which should make the better solvent for p-dichlorobenzene, methyl or n-propyl 
alcohol? 
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Hydroxy Compounds 


10.1 TYPES OF HYDROXY COMPOUNDS 


Alcohols are aliphatic or alicyclic compounds containing one or more hy¬ 
droxyl groups in their structures. Monohydric alcohols are those with one 
OH group per molecule; dihydric alcohols have two OH groups; and poly- 
hydric alcohols contain many OH groups in their structures. Alcohols are 
classified as primary, secondary, and tertiary, depending upon whether the 
OH group is attached to a primary, secondary, or tertiary carbon atom, 
respectively. The three classes are designated by the general structures, 
RCH,OH, R,CHOH, and R,COH. 

Phenols are compounds having an OH group attached to an aropiatic ring. 
The class name is taken from the name of the parent compound, C|H|0H. 
Other aromatic nuclei with OH groups, however, arc regarded as phenols 
because of the similarity of their properties. If a hydroxy compound has an 
aromatic ring but the OH group is not attached directly to the aromatic 
ring, it is classed as an alcohol. For example, 




and 




are alcohols. 



10.2 NOMENCLATURE 

Under the Geneva system of naming alcohols, the ending -e of the corre¬ 
sponding alkane is replaced by -ol, and a numerical prefix is used to designate 
the position of the OH group. Alcohols can also be named under the Geneva 
system by regarding the OH group as a substituent on an idkane or some other 
class of compound. The following examples are given for illustration; 

CHr-CHCl-CHOH-GHCl-CH(CH,)-CH, 

2,4-Dichloro-5-niethyl-3-hexaaol 

or 

2,4-I)ichloit>*34iydioxy-64iiethjlhsxans 
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CHr-G<GH,)-CH-CHOH-CHr-CH,-CH, 

2-Methyl-2-hepteiie-4-ol 

or 

2-Methyl-4>hydroxy'2-hept«ne 


OH 



Cyclopent«ne-3-ol e,e4raru-2-methylcyclohexanol 

or 

3-Hydroxycyclopen tene 

Common or trivial names are used for those alcohols whose organic groups 
have simple names. Examples arc given in Table 10.1. 

TABLE 10.1. EXAMPLES OF ALCOHOL NOMENCLATURE 

Slrudure Geneva Name Common Name 

CHiOH Methanol Methyl alcohol or carbinol 

CHr-CHjOH Ethanol Ethyl alcohol 

CHa—CHi — CHiOH 1 -Propanol n-Propyl alcohol 

CH|—CHOH — CHa 2-Propanol Isopropyl alcohol 

(CH|)}CH—CHaOH 2 -Methyl-l-propanol Isobutyl alcohol 

C«H»CHiOH Phenylmethanol Benzyl alcohol 

(C|Hi)iC—OH Triphenylmethanol Triphenyl carbinol 

Phenols follow the aromatic scheme of nomenclature and some examples 
are given below; 


OH OH OH 



l-N apfathol 2-Hydroxy-3 '-ethylbiphenyl 

10.3 UBORATORY PREPARATION 

a. Alcohols. Some of the general methods of preparing alcohols may be 
used for all three types, primary, secondary, and tertiary, whereas other 
methods are unique for one type or another. 
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1. Hydrolysis of alkyl halides. The process is merely the reverse of the 
reaction of alcohols wi^ halogen acids; 

OH- 

R—X + HOH;=iR-OH + HX I > Br > Cl 

ZnCU 

Here, the equilibrium is pushed completely to the right because the HX acid 
is converted to the salt by reaction with the alkali. Primary, secondary, and 
tertiary alkyl halides yield the respective primary, secondary, and tertiary 
alcohols. 

2. Addition of Grignard reagents to carbonyl compounds. Grignard reagents 
are dipolar and add in the expected direction to the polar carbonyl group. 

^ C ^^j ^MgX -4 ^C-OMgX 

^ ^R 


\ / 

C 

/ \ 

R 

Hence, if there are two H's on the original carbonyl carbon, the product is a 
primary alcohol. For the preparation of secondary alcohols, one starts with one 

R 

\ 

R group attached to the carbonyl group, CM), and for a tertiary alcohol, 


two R groups must be attached initially to the carbonyl group, CM). 

R 

Thus formaldehyde yields primary alcohols, all other aldehydes yield second¬ 
ary alcohols, and ketones, RjCM), yield tertiary alcohols. 

H,CM)-|-R^MgX---^ R'CHiOH 

r-CM) -I- R'MgX — R'CHOH 


RiCM) -hR'MgX 


R-C-OH 

A 
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Notice that there is only one way of preparing a given primary alcohol by 
this reaction but that the secondary alcohol may be made by two different 
combinatbns of aldehyde and Grignard (if the R’s are unlike). For illus¬ 
tration, 2-pentanol could be prepared by reacting butyraldehyde with a 
methyl Giignard or from acetaldehyde plus a propyl Grignard: 

C-C-C-C‘''''^MgX'i 


C—G-€—MgX C—C 


C—C—C—C—C 

iH 


Similarly, there could be a choice from three combinations for a tertiary 
alcohol in which the three alkyl groups are different; 


C— 


c-c 


C-G-C-C—C-€ } C-G 




C—C 




Cyclic ketones add Grignard reagents also. 




\_ I ^ -r y_ I Qjj 

1-Ethylcyclopentanol 

Primary alcohols may also be made by using ethylene oxide in place of 
formaldehyde with Grignard reagents : 

0 

CH,--CH, + RMgX -»R—CHr-CHr—OMgX ^ 

R—CHr-CHr-OH -|- MgX(OH) 
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And finely, esten raaot with two nrales of a Orignard reagent to inoduoe 
tertiary alcohols; 

0 0 


R-C + 2^MgX 
OEt 


thwHiO 


R-i-a 


An interesting exploitation of this reaction is to use a double Grignard reagent 
with an ester to form a cyclic tertiary alcohol. 

^MgX 0 R OH 

(CH.), +R-C - ►/-C-N 


C ■) 


3. Reduction of carbonyl compounds. This method is applicable only to 
the preparation of primary and secondary alcohols. 

R 1 


Aldehyde 


C—0 


C—0 


R H 

LiAlH; \ / 


a primary alcohol 


C—0 


Ketone 


R H 

^ liAim \ / 

C—o c 

r/ \h 


a secondary alc(^ol 


Lithium aluminum hydride can be used for any of the reductions, and other 
familiar reducing agents are as follows: 

R.A, 

Aldehydes and ketones Alcohols R.A. Hi, cat. 

Fe, Sn, or Zn in AoOH 

NaHg 

Meerwein-Ponndorf-Verley 
reduction (page 311) 
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RiA> 

Esters Alcohols R.A. » Na in alcohol 

H], cat. 

Zn or Sn in HClaq. 

b. Aiylcarbinols. Arylcarbinols are simply aryl derivatives of methanol, 
and other than the triarylcarbinols, have properties similar to those of ali¬ 
phatic alcohols. 

The benzyl alcohols are usually prepared by the general methods given 
above, ^'ith the additional method of hydroxymethylation. 

1. Hydrolysis of benzyl halides. 

CH,X -h KOH ^CH,OH -|- KX 

2. Reduction of aldehydes, esters, or acids. 

^HO . 

^COOR 0_ch,OH 

^COOH -li*™!-/ 

3. Grignard reagent plus formaldehyde. 

MgX -1- HiC—0 ^H,OMgX —♦ 0—CH,OH 

Triphenylcarbinols may be prepared by three general methods. 

1. Hydrolysis of triphenylchloromethanes. 

*C—X + H,0 ^C—OH + HX 

2. Adchtion of Grignards to ketones or esters. 

HiO* 

^C-0 -I- ♦'MgX - «,C-OMgX —> *C-OH 

i' i' 

COOR + 2^MgX -»^C—OMgX -|- MgXOR 

^ *C-OH 

3. Oxidation of triphenylmethanes. 

—H > —OH 

This oxidation is atypical for aliphatic C—H bonds, but the presence of the 
three phenyl groups activates the C—H bond to facilitate the oxidation. 

Triphenylcarbinols behave as weak bases in concentrated sulfuric acid to 
yield carbonium ions (cf. page 272). 

*C-OH + 2 H 1 SO 4 ^C+ + H,0+ + 2HSO«- 
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c. Phenols. The laboratoiy preparation of phenols is through the diazotiza- 
tion of anilines. 

^NH, + HCl + NaNO, — + N, + H,0 + NaCl 

This is merely the over-all reaction, and more will be said about the reaction 
in Section 16. Id. 

10.4 INDUSTRIAL PREPARATIONS 

The most general methods used in the commercial production of hydroxy 
compounds involve large-scale adaptations of the laboratory methods given 
above. Nothing special need be said about these processes; instead, some of 
the specialized commercial productions will be discussed briefly. 

a. Methyl alcohol. The principal source of methanol until World War II 
was wood, for which reason it became known as wood alcohol. 

When wood is heated in a vessel at temperatures around 400°, gases, a 
liquid condensate, and charcoal arc produced. The liquid condensate separates 
into an aqueous phase, called pyroligneous acid, and a tarry layer. The pyro¬ 
ligneous acid is mostly water but contains close to 5% methyl alcohol, 5-10% 
acetic acid, 0 . 5 % acetone, and smaller amounts of other organic substances. 
Today over 90 per cent of methyl alcohol production is from the catalytic 
hydrogenation of carbon monoxide obtained from natural gas at elevated 
temperatures and pressures. 

CH 4 CO - 1 - H, CHaOH 

b. Ethyl alcohol. Ethanol, commonly called grain alcohol, and in former 
days known as spirits of wine, has been known and used since the dawn of 
history, principally in the form of fermented beverages. Ancient peoples 
knew how to recover the intoxicating principle from such beverages by a 
crude form of distillation. Originally, the alcohol was recovered as dilute, 
impure solutions from fermented fruit or grain, hence, the origin of the earlier 
names. 

Many substances may be fermented, yielding alcohol and other organic compounds, 
and each raw material imparts a distinct flavor to the product. Thus,'brandy is the 
distillate from fermented fruit; rum is distilled from molasses; Bourbon whisky from 
com, rye whisky from rye, Scol<di whisky from barley, Irish whisky from potatoes, 
soibt from rice, and beer from malt to which the flower of the hop plant has been added 
to produce a bitter taste. Molasses has become an important raw material for the 
production of other substances by fermentation, such as antibiotics, pharmaceuticals, 
and many chemical intermediates. 

Over 75 per cent of commercial-grade ethyl alcohol is produced today by 
hydration of ethylene. 

CHi-CH, + HOH ^ CH,CHrf)H 
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Twenty yean ago the situation was revened, and 75 per oent of all ethyl 
idcohol was produced by the fermentation of molasses. Now less than 25 per 
oent comes from the fermentation of carbohydrates. Three types of raw 
materials are used for this production of ethyl alcohol: 

1. Molasses, which is the mother liquor from the extraction and crystallisa¬ 
tion of sugar from sugar cane, and which has an approximate 55 per cent 
sugar content. This is imported chiefly from Puerto Rico. 

2. Starch from grains, such as wheat, corn, barley, etc. The chief source of 
starch in the United States is com; in Europe, potatoes; and in Asia, rice. 

3. Cellulose from wood pulp. For the latter, the fermentation plant is 
located near a sawmill in order to use the waste sawdust as the raw material. 

Wood has a high cellulose (page 555) content, and in 1928, the German 
chemist Scholler perfected a process for converting wood cellulose into sugar 
by acid hydrolysis. The sugar obtained from any one of these three sources is 
then fermented to produce ethyl alcohol (see Fig. 10.1). The fermented liquor 



(C,H„0,) 

Dilute to 159l[> tugar cootent, 
sdd ywut. Adjuf t pH to 5. lot 
■Und 30-d0 hour* at 30>35” 

CjHjOH, COj, etc. 

Rg. 10.1 

or “wort,” which contains 6-10 per cent ethyl alcohol and other compounds, 
is fractionated into three fractions: (1) first cut, consisting mainly of acetalde¬ 
hyde, CH)CHO; (2) rectified spirit, which is 93-95 per cent ethanol by weight; 
(3) final cut or fusel oil, which contains propyl, butyl, and pentyl alcohols. 

Lastly, a small amount of ethyl alcohol is formed as a side product in the 
synthetic liquid fuel industry (see Section 2.9). 

There are three grades of ethyl alcohol commonly sold. The one which is 
purified by fractional distillation has a 93-95 per cent alcohol content by 
weight, and is called commercial grade. For several centuries it has been 
customary for governments to levy a tax on alcoholic solutions and distillates, 
thus raising revenue while penalizing those who use intoxicating beverages 
eontainmg alcohol. 



256 


TEXTBOOK or ORGANIC CHEMISTRY 


In recent years an unprecedented amount of attention has been paid to tins drinking 
of alcohol and the problems arising therefrom. The major benefit has been to shift the 
disease of alcohol addiction out of the realm of morals into the sphere of psychiatry 
and medicine. 

When a person swallows some liquor, his stomach receives a certain amount of pure 
ethyl alcohol. The alcohol goes from the stomach to the liver, then on to the heart, 
from where it is pumped throughout all parts of the body. As a person drinks more, 
the concentration of alcohol in the body fluids increases. Effects of this alcohol—slurred 
speech, double vision, incoordination—are the result of disturbed brain activity. Al¬ 
cohol does not damage brain tissue but merely slows down the brain's functions. First 
it attacks the brain area containing centers of judgment and inhibition. Then when the 
alcohol concentration in body fluids rises, it attacks muscular coordination, speech, 
and vision. Finally, at a concentration of about 10 oz of alcohol per 150 lb body weight, 
all voluntary control is lost and man loses consciousness. 

The amount of liquor a person can drink and still remain sober depends on how 
slowly be drinks. If an average-sized man were to drink a pint of Sfl-proof liquor in 
4 hrs, which contains 6.9 oz of actual alcohol, only 5 oz would accumulate in body 
fluids (13 gal, including 6-7 qt of blood). The rest is burned and eliminated. There 
is a close relationship between the concentration of alcohol in the blood and that in 
the urine, the breath, the spinal fluid, and the saliva. Police tests for intoxication are 
usually based upon one of these, most often that in the breath. 

In brief, alcohol is an easily controlled brain anesthetic. The evils of alcoholism are 
not due to physical damage to the body, which is negligible, but to the widely recog¬ 
nized social disturbances it causes. Rather than the alcoholic, it is his family or friends 
that suffer most. Of the estimated 50 million users of alcohol in the United States, 
about 46 million are purely “social drinkers" and offer no problem. Three million 
others are “excessive drinkers" who like to get drunk occasionally at social gatherings 
or celebrations, but who for the rest of the time handle alcohol carefully and may not 
drink at all. Finally, there are the 750,000 alcohol addicts who drink for a wide variety 
of reasons. There are several treatments given alcoholics, the more recent ones leaning 
toward some form of psychiatry or diet control. The average of cures reported for all 
treatments now in use is said to be above 50 per cent, compared to 20 per cent in 1930. 

When alcohol is used in manufacturing operations, the tax, of course, 
would be absorbed in the final retail price to the public. To avoid unneces¬ 
sarily high consumer prices, the U.S. Congress in 1906 passed an act permit¬ 
ting the sale of tax-free denatured alcohol for industrial purposes. Denatured 
alcohol is merely alcohol which has been rendered unfit for human consump¬ 
tion by the addition of other substances. Any one of several additives may he 
used, such as wood alcohol, foul-smelling substances, etc. An additive is 
chosen which does not interfere with the chemical function of the aloohoL 

The third grade of alcohol commercially available is abeolide alcohol^ or 
100 per cent pure alcohol. Alcohol and water form a minimum boiling aseo- 
trope of 05 per cent alcohol content. Hence, when a dilute aqueous solution 
of alcohol is fractionally distilled, the highest concentration of alcohol obtain¬ 
able is 95 per cent. To prepare pure alcohol in the laboratory, one treats the 
95 per cent material with a drying agent like calcium oxide to adsorb the 
water; then the dry alcohol is distilled. Commercially, absolute alcohol is 
obtained by codistillation of 95 per cent material with bensene, CiH#. Ethaoiol, 
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benaeoe, and water form a minimum-boiling, 3-component azeotrope (18.5 
per omt alcohol, 74.1 per cent benzene, 7.4 per cent water) which boib at 85". 
Sufficient benzene a^ed to distill this tertiary azeotrope untill all the water 
has been removed. Then, benzene and alcohol form a binaiy azeotrope (80 per 
cent benzene, 20 per cent alcohol) which boils at 68", and this distills until 
all Ute benzene is carried over, leaving only alcohol behind. Such a procedure 
uses up too much alcohol for a laboratory method, and therefore is only 
feasible for industrial plants where the alcohol passing over in the mixtures 
can be poured back into the still for the next day’s run. 

In Section 3.2b was mentioned the commercial production of ethylene 
from ethanol, and here, ethylene is being used to produce ethanol. The to 
this situation is the difficulty and expense of transporting ethylene because of 
its gaseous condition and light weight. The same circumstance is true for 
natural gas. For example, in the Northwest the United States exports natural 
gas to Canada, and in the Northeast it imports natural gas from Canada. 
In an area where ethylene has little value, it is profitable to convert it to 
ethanol, ship the ethanol to a locality where ethylene is needed but not readily 
available, and then dehydrate the ethanol to ethylene. 

c. Propyl alcohols. n-Propyl alcohol is also produced by the catalsrtic 
hydrogeimtion of carbon monoxide, but with a different catalyst from that 
used in the production of methyl alcohol. It is also produced by the hydration 
of propene. 

Abnormftt 

CHr-CH-«CH, + HOH CHr-CHr-CH,OH 

Isopropyl alcohol is produced by the normal hydration of propene and by the 
hydrogenation of acetone. 

CH, CH, 

\ «t. \ 

C-=0-|-H,-» CHOH 

/ / 

CH, CH, 

d. Phenol. The commercial preparation of phenols has generally been 
Uirough the hydrolysis of aryl halides. 

♦—X + Na,CO, -H H,0 ^ 0—OH + NaX + NaHCO, 

A 

A new Dow Chemical Company process shows promise of supplanting this 
method by one involving the oxidation of alkylbenzenes. 

^♦-COOH ^-I- CO, 

The hyditn^l group becomes attached to the ring at a pomtion adjacent to 
tibe departing mboxyl group. 
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lo the past, unsubstituted phenol has been produced by the hydrolysiB of 
chlorobenzene, the alkali fusion of sodium benzenesulfonate, and from coal 
tar. Phenol is ^ntheeized now largely by Dow’s cumene process. 


CA-CH(CH,),^ 

Cumene 


0-D-H 

CJI.—C—CH,^ 

I 

CH, 


CJi,-OH + (CH,),C-0 


Cumene 

Hydroperoxide 


Thus, the cumene process also serves as an additional source of acetone. 


10.5 PHYSICAL PROPERTIES AND HYDROGEN BONDING 

The most prominent physical property of hydroxy compounds is their asso¬ 
ciation through hydrogen bonds. It is appropriate, therefore, to discuss hydro¬ 
gen bonds in general. 

It was shown in Section 1.2 that covalent bonds may have a partial ionic 
character owing to differences in electronegativities of the two atoms forming 
the covalent bond. Whenever hydrogen is bonded to one of the highly electro¬ 
negative atoms, such as oxygen or nitrogen, the bond has a considerable 
ionic nature, with the hydrogen atom canying a partial positive charge. 
Thus, it has a coulombic attraction for a negatively charged atom. At the 
same time, the other atom of the covalent bond with hydrogen carries a 
fractioiml negative charge. Thus, with a hydroxylic compound, the h}rdrogen 
atom of one OH group is attracted to the oxygen atom of a second OH group. 

+H 

- / 4 - 

R—0 • • H—0 

\ 

R 

'This attraction weakly binds two molecules together. Weak cohesion of mole¬ 
cules is called association, and in this case it is due to hydrogen bridges 
between molecules. The weak electrostatic portion of the hydrogen bridge 
is conventionally designated by dots, and the stronger, more covalent por¬ 
tion by the usual dash. Therefore, the association of alcohol molecules to 
form large aggregates, primarily in the liquid and solid states, is diagramed 
as follows: 




HYOROXy COMPOUNDS 


259 


where E represents an alkyl group and n is an indefinite number. In such a 
condition, a substance is referred to as being associated. 

The boiling point is the temperature at which thermal agitation of molecules 
is sufficient to overcome the attractive forces between them in the liquid 
state. It is logical to expect the boiling point to be higher for heavier molecules 
and with stronger intermolecular forces. Alkane molecules have extremely 
weak intermolecular forces of attraction, and their boiling points are taken 
as references for given molecular weights. They are spoken of as having 
normal boiling points. In Table 10.2 it can be seen that the boiling points of 


TAIU 10.2. BOIUNG POINTS OF n-AUANES, ETHERS, AND ALCOHOLS 
OF COMPARABLE MOLECULAR WEIGHTS 


n-Alkanes 

B.P. 

Ethers 

B.P. 

Alcohols 

B.P 

CHr-CHr-CH. 

-45“ 

CHr~0—(^H. 

-25“ 

CH^CHr-OH 

78" 

CH,CH,CH,CH, 1 

-0.5 

CHr-0-CH,CH, 

8 

CH,CH,CHrf)H 

07 

CH,(CH,)iCH, 

36 

CHjCHj—O-CHjCH, 

35 

CH,(CH,)jCH^H 

118 

CH,(CH,)iCH, 

69 

CH,CHr-0-CHiCH2CH,| 

61 

CH,(CH,),CH20H 

138 


ethers and alkanes of comparable molecular weights are not far apart, but 
that the boiling points of alcohols with equivalent molecular weights are 
considerably higher. The alcohol molecules are held together by hydrogen 
bonds, and it requires more energy to separate them for vaporization. 

Another illustration (see Table 10.3) of the effect of hydrogen bonding on 
boiling points is found in a comparison of the boiling pomts of polyhydric 
alcohols and their ethers. 


TABLE 10.3. BOIUNG POINTS OF POLYHYDRIC ALCOHOLS AND THEIR THERS 


CHjOH 

I 

CHjOCjH, 

1 

CH*OC,H* 

1 

CHjOCjH. 

1 

CHOH 

1 

CHOH 

1 

CHOH 

1 

CHOCtH. 

1 

CH,OH 

CHjOH 

CHjOCjH, 

CH,OC,H, 

B.p. - 200" 

230" 

191" 

185" 


CH,OH 

CH,OCH, 

1 

CHK)CH, 

j 


CH,OH 

CHrf)H 

CHtOCH, 


B.p. - 197" 

125" 

84" 


In both series, as the OH groups are successively covered by alkyl groups 
to block hydrogen bonding, the boiling points progressively decrease in spite 
of the increases in molecular weights. 

Sulfur is much less electronegative than oxygen, which causes S—H bonds 
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to have much smaller ionic character tiian 0—H bonds. Aocordinc^y, com¬ 
pounds having S—H groups in their structures do not exhibit hydrogen bond¬ 
ing to any signifkiant extent. For illustration, the boiling points of OH com¬ 
pounds are higher than those of corresponding SH compounds: 


Boiling Pointt oj Some —OH and —SH Compound! 


HOH 

100“ 

-62“ 

HSH 

CH,OH 

66 

6 

CHiSH 

CHiCOOH 

110 

03 

CH.COSH 


That this is due to stronger hydrogen bonding occurring in OH compounds 
is shown by the fact that sulfur compounds, because of their larger molecular 
weights, ordinarily have higher boiling points than the oxygen compounds 
when hydrogen bonding cannot occur. Two illustrations are 

(CH,),0 -24“ 38“ (CH,).S 

(C,H,),0 35 92 (CiHi)^ 


Hydrogen bonds, then, are weak electrostatic bonds involving a hydrogen 
bridge between two atoms. The bond may be mtermolecular (between two 
atoms of different molecules), or intramolecular (between two atoms within 
the same molecule). Hydrogen bonds are only about one-tenth as strong 
as typical covalent and ionic bonds. Nevertheless, hydrogen bonds have very 
nuu'ked effects upon the physical properties of compounds.' For example, the 
acid strength, color, boiling point, adsorption affinity, and water solul^ity are 
just some of the properties found to be profoundly affected by hydrogen 
bonding. Also, hydrogen bonds are key factors in certain commercial processes, 
such as dyeing of fabrics and the action of nonionic detergents. 

Water is a highly associated liquid, as evidenced by its relatively high 
boiling point for such a low-molecular-weight compound. The OH group of 
water may also form a hydrogen bond with the OH group of an alcohol 
molecule when mixed, and conversely, the OH group of an alcohol molecule 
may form a hydrogen bond with an OH group of water: 


R 

\ 

-H 


H 


/ 


H 

\ 

0 

/ 

H H 


\ 


/ 


R 


Such ooasBociation tends to make hydroxylk oompoonds soluble, and indeed, 
methyl, ethyl, propyl ^cohols and others are soluble in water in all propor- 

> L. N. FeiiiiMn,/. a«n.n, 207 (1866). 
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7Atl£ 104. PHYSICAL CONSTANTS OP SOMI ALCOHOLS AND PHENOLS 


Name 

Melting 

Point 

Boiling 

Point 

Bolubility 
(g/lOOg HiO) 

Methyl alcohol 

-97 

64.5 

00 

Ethyl alcohol 

-115 

78.3 

00 

n-Propyl alcohol 

-126 

97 

oo 

n-Butyl alcohol 

-90 

118 

7.9 

n-Pentyl alcohol 

-79 

138 

2.3 

n-Hexyl alcohol 

-52 

157 

0.6 

n-Heptyl alcohol 

-34 

176 

0.2 

n-^tyl alcohol 

-15 

195 

0.05 

Isopropyl alcohol 

-86 

82.5 

ce 

Isobutyl alcohol 

-108 

108 

10 

seoButyl alcohol 

-114 

99.5 

12.5 

(er(-Butyl alcohol 

26 

83 

CO 

Allyl alcohol 

-129 

97 

00 

Cyclopentanol 


140 


Cyclohexanol 

-24 

162 


Benzyl alcohol 

-15 

205 

4 

Phenol 

41 

182 

9.3 

Hydroquinone 

173 

286 

8 



Ortho 

Meta 

Para 

M.P. 

B.P. 

M.P. B.P. 

M.P. 

B.P. 

Cresol 

31 

191 

11 201 

35 

202 

Fluorophenol 

16 

152 

14 178 

48 

185 

Chlorophenol 

9 

173 

33 214 

43 

220 

Bromophenol 

5 

194 

33 236 

64 

236 

Aminophenol 


174 

123 

186 


Nitrophenol 

45 

217 

96 

114 


Dihydroxybenzene 

104 

246 

no 281 

169 

286 


tiona (cf. Table 10.4). The hydrocarbon portion of an alcohol, of courae, 
resists entering into water solution and when it becomes large, the solubilizing 
effect of hydrogen bonding is outweighed and the alcohol is no longer water 
soluble. However, when there is a large ratio of OH groups to hydrocarbon 
groups, a compound will have a significant solubility in water. For example, 
polyvinyl alcohol, a polymer of large molecular weight, 

-CHi CHi CH, CH, CH, 



is quite soluble in water. 
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PheoolB are moderately soluble in water, owing to association through hy¬ 
drogen bonds. Nevertheless, at room temperature the solubilities are too low 
to use water as a solvent for reactions. Hence, one normally expects phenols 
to form sinuate phases with water. 

So far, we have seen that irUermokcular hydrogen bonds increase transition 
temperatures and water solubility of a compound. Intramolecular hydrogen 
bonds have the opposite effect and tend to make the compound behave as if 
it did not have a hydroxyl group present. Intramolecular hydrogen bonds 
are formed between OH groups and neighboring C=0, NOi, or even other 
OH groups. Thus, the ortho isomers of hydroxybenzaldehyde or nitrophenols 
melt at lower temperatures than the para isomers (cf. Table 10.5). 





This accounts for the fact that the solubilities of o- and p-nitn^henols in 
100 ml of boiling water are 1 g and 27 g, respectively, and the fact that sali- 
cylaldehyde iaonly slightly soluble in hot water, whereas p-hydroxybenzaJde- 


TABLE 10.B. MEITING POINTS OP SOME ISOMESIC BENZENES 

MeUing Potnte 



ortho 

para 

Compound 

Itomer 

laomer 

NitropheDol 

44" 

114" 

Hydroxybenzaldehyde 

-7" 

116* 

Dihydroxybenzene 

104" 

169' 


hyde is soluble. Intramolecular hydrogen bonds tie up the OH groups and 
prevent them from associating with water through intermolecular hydrogen 
bonds. 

Adjacent OH groups form five-membered rings through hydrogen bonds 
and this lowers the boiling point. 


R R 




i i 



and 
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B.P. 

203° 


219° 

238° 

Spectroscopic properties are markedly affected by hydrogen bonding, and 
this has been the most powerful method of studying hydrogen bonds. The 
infrared absorption frequencies associated with the stretching of 0—H or 
C=0 bonds are smaller when these groups are involved in a hydrogen bond. 
That is, the H bridge makes it easier for the bond stretching to take place 
and less energy, i.e., lower frequency of light, is needed to produce the atomic 
vibrations. Some examples are given below, 

Normal 

(CH,),C-OH 
I'o-H ” 3610 cm~' 

Hydrogen bonded 
H 

o/ -o 

A A 

CH, '^CH^ \h, 
vo-H * 2800 cm"' 

I'c-o “ 1610 cm~* 


(CH,)2C=-0 
vc-o = 1726 cm"' 



cc-o “ 1697 cm"' 
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1 

B.P. 

Other Itmers 

CHiCHf-^H—CHs 

191° 

CEt-CE-CEr-CRi 

1 1 

Ah Ah 


OH 6e 

CHr-CH—CH—CH» 

183° 


OH OH 

CHr-CH—CH—C,He 

1 1 

188° 

CH 2 -CH,CHr-CH-CH, 

1 1 

OH OH 


OH OH 

CH,-CH,CHsCHr-CH, 

Ah Ah 


0 


CH,-C' 




\. 


0-H 


0-H—0 


/ \ 

CH,-C C-CH, 

\ / 

0—H-0 


I'o-H - 3521 cm~‘ vo-H * 3073 cm"' 

vc-o “ 1768 cm"* i»c-o ■ 1701 cm"' 

Notice that intra- as well as frUcrmolecular hydrogen bonds produce this 
lowering of the normal frequencies. One can distinguish intermolecular hy¬ 
drogen bonding from intramolecular by studying solvent, temperature, dr 
concentration effects on the coh frequencies. 
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Emphasis has been placed here on 0—H- -0 hydrogen bonds, but H 
bridges are formed between other highly electronegative atoms as well, e,g., 
0—H- ■ -N, N—H- • -N, 0—H- • -X, where X is a halogen atom, and includ¬ 
ing carbon atoms when their electronegativities are increased by having 
several other highly electronegative atoms attached. Thus, there are inter- 
molecular C—H' ■ - Cl bonds between CHCh molecules in chloroform, and 
intramolecular 0—H- • -F bonds in o-fluorophenol. 

H 

/ 

0 

ClaC-H- • Cl-CHCl, 



Also, hydrogen bonds can be formed with a- electrons. Such bonds, for example, 
occur in o-allylphenol, d-phenylethanol, and o-hydroxybiphenyl. 


H CH, 
/ •••!! 


0 CH 



o-Allylphenol 



^Phenylethanol 


free vqh * 3605 cm‘‘ free = 3630 cm”' 

= 3542 cin“* vo-h^-w 3601 cm"^ 

intermol. = 3360cin“‘ 

Throughout the text so far, mention has been imule of the attraction of molecules 
for one another through weak forces. These forces are of three types which differ in 
magnitude and effective range. 

Van der Waah Attraction^ Although the negative charges of the electrons in a 
neutral molecule are balanced by the [X)sitive charges on the nuclei, the electrons are 
in constant motion, and the center of density of the negative charges (i.e., a point 
which may be regarded as the time-average position for all of the negative charges) 
does not coincide continuously with the center of density of the positive charges. This 
situation produces small local dipoles; that is, areas with a positive and negative end 
and which behave as small electric magnets. When molecules are close enough, these 
dipoles attract each other like magnetic bars, causing the molecules to cling to one 
another. Such attraction is called van der Waala attraction, and the greater the area 
over which molecules may come in close contact, the greater is the over-ftll van der 
Waals force* For straight-chain hydrocarbons, the forces are about 1.0 kcal per CH| 

* J. D. van der Waals, a Dutch physical chemist, received the Nobel Award in physios 
in 1010. 
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ufiiti which explaine the regular increase iti boiling point with increasing chain length 
within a homologous series. Branching of a chain decreases the area over which a mole¬ 
cule may ‘‘touch” other molecules, and accordingly, the boiling points of isomers 
decrease with the degree of branching. For example, the boiling points of normal, 
iso-, secondary-, and tertiary-butyl alcohols are 117^, 107**, 100**, and 83'’, respectively. 
Van der Waals forces become weaker in proportion to the seventh power of the distance 
between molecules, Fal/d^ A short separation of molecules markedly decreases the 
van der Waals force of attraction and, hence, they are effective for only short inter- 
molecular distances, or in other words, they are very short-range forces. 

Dipole Assodaiion. The dipoles which arise from the unequal sharing of electrons 
by covalently bonded atoms are referred to as band dipoleSy and their magnitudes are 
indicated by the size of their bond moments (Table 10.6). Bond dipoles in different 

TABLE 10.6. BOKD MOMENTS OF SOME COMMON BONDS 


Bond 
(+ -) 

Moment 
e.8.u. X Iff 

Bond 

(+-) 

Moment 
ej.u. X Iff 

H-F 

1.91 

C-F 

1.51 

H-0 

1.53 

C-CI 

1.56 

H-N 

1.31 

C—Br 

1.48 

H-Cl 

1.08 

C-I 

1.29 

H—Br 

0.79 

C-S 

0.95 

H-B 

0.68 

C-N 

0.45 

H-I 

0.42 

C—N 

0.90 

H-C 

0.30 

C-0 

0.85 



C-0 

2.50 


molecules attract one another and such attraction is called dipole-dipole attraction. 
Dipole-dipole forces vary inversely as the fourth power of the distance between mole¬ 
cules, Fal/dV Thus, they too are effective only for short distances, but are of longer 
range than van der Waals forces. The effects of dipole association are the same as from 
hydrogen bonding, only to a smaller extent. Thus, compounds made up of bonds having 
large bond dipoles are somewhat polar. This is reflected in those properties which 
involve the separation of molecules, such as boiling points and heats of vaporisation. 
The greater the association, the greater is the energy required to separate molecules 
for vaporiaation (Table 10.7). Now, related to heats of vaporization is Trouton’s con¬ 
stant. This is the ratio of the molar heat of vaporization to the absolute boiling point 
of a substance. This constant is found to be a useful index for the relative polarity of 
organic compounds (see Table 10.7). Knowledge of the relative polarity of organic 
compounds is of particular value when seeking a solvent for a substance. One looks 
among the polar liquids, i.e., alcohols and acids, for a solvent for a polar compound, 
and among the nonpolar liquids for a solvent for a nonpolar substance. 

Hydrogen-bond Forces. Hydrogen, owing to its small size and rather low electronega¬ 
tivity, is unique in the fact that it forms hydrogen bonds, as discussed above. Excluding 
one or two exceptional cases, hydrogen-bond strengths are in the range 2-8 kcal, 
which is small in comparison to 80 kcal for a C—G covalent bond or to 125 kcal for 
the ionic attraction between a K+Cl' ion pair. As was observed above, however, they 
are sufficiently strong to produce significant effects upon the propertiee of substances. 
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TABU 107. SOME PROKRTIES RSnECTING FOUR CNARACTER OP VARIOUS GASSES 
OP COMPOUNDS OF COMPARASIE MOLECULAR WEIGHTS 


Compound 

Clara 

Mol. 

Wt. 

B.P. 

Heat of 
Vaporiution 
(kcal./mole) 

Trou ton’s 
Constant 

CH,CH,CH,CHi 

Alkane 

58 

-0.6* 

5.3 

19.4 

CH,CH.C1 

Alkyl chloride 

64.5 

13 

6.0 

20.5 

(CH,CH,),0 

Ether 

74 

34.6 

6.2 

20.2 

CH,-COCI 

Acid chloride 

78.5 

52 

6.2 

21.5 

CHr-CO-CH, 

Ketone 

58 

56 

7.2 

21.9 

CH,—COOCH, 

Eater 

74 

57.5 

7.3 

22.1 

CHjCHrfJN 

Nitrile 

55 

97 

7.4 

20 

CHiNO. 

Nitroalkane 

61 

99.9 

8.2 

22.1 

CHA7H,CH.OH 

Alcohol 

60 

98 

0.0 

26.6 

CHiCOOH 

Carboxylic 






acid 

60 

118 

lie 

29.6 

CHr-CONH, 

Amide 

59 

222 




Another important physical property of some of the hydroxy compounds is 
their acidity. Phenols are weak acids, generally with K. values about Kh**. 


The greater acid strength of phenols over that of alcohols can be explained in terms 
of resonance. 


ROH RO- + H+ K. 10-“ 


Only one structure each need be written for the alcohol and its ion in order to account 
for their properties; hence, resonance stabilization of each is nil. Thus, resonance has 
no detectable effect on the position of equilibrium. For the dissociation of a phenol, 




lOI 

,0^“ 


10 -1 


+ H+ 


K. - 10-*» 


resonance occurs for the phenol and its ion. Resonance of the phenol places a positive 
charge on the oxygen atom, thereby facilitating escape of the proton. Also, resonance 
of the ion is greater than that of the acid form, because charge-separation diminishes 
the stability, i.e., decreases the importance of the ionic resonance form of the acid. 
Therefore, resonance stabilization is greater for the ion than for the acid. This net 
resonance stabilization of the ion, and the charge effect of resonance in the acid lead to 
greater dissociation of phenols than occurs for alcohols. 

Particularly when ortho or para to the OH group, m-direoting groups are 
acid-strengthening. For instance, the Ka’s of phenol and nitrophenols are as 


follows: 

K. 

Phenol . 1.3 X l0-« 

p-Nitrophenol. 6.9 X 10“* 

2,4-Dinitrophenol. 1 X 10"^ 

2,4,6-TriiutropheDOl (picric acid). 4.2 X 10^' 
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ThuB, picric acid is a strong acid- Without this group-activating effect, phenols 
are acidic enough to dissolve in aq. NajCOs, but not in aq. NaHCOi. 

10.6 CHEMICAL PROPERTIES OF HYDROXY COMPOUNDS 

One view is to regard an alcohol as a monoalkyl derivative of water. In 
this connection the lower alcohols resemble water in some ways. For exam¬ 
ple, the association of alcohols and water has already been discussed. Alcohols 
also form solvates with inorganic salts just as water does. Those with water 
are called hydrates, and those with alcohols are called akoholaUa. For instance, 
there are calcium chloride triethanolate, CaCU * SCiHeOH, and copper sulfate 
dimethanolate, CUSO 4 - 2 CHiOH. Other similarities between water and alco¬ 
hols will become apparent as the chemical properties of alcohols are discussed. 

If ethanol and a saturated water solution of calcium acetate are mixed, the mixture 
rapidly Bolidihes to a gel. The excess liquid may be squeezed out and the gel ignited. 
A commercial application of this, sometimes called canned heat, or Slemo, is used by 
campers as a source of heat. 

Alcohols undergo some reactions through the hydroxylic hydrogen atom, 
and they undergo other reactions in which the entire OH group is replaced. 
In the former case, the order of decreasing reactivity is primary, secondary, 
tertiary. Three such reactions are the replacement of the hydroxylic hydrogen 
atom by ( 1 ) an active metal, (2) an alkyl group, and (3) by an acyl group. 

a. Formation of alkozides. ROH + Na -* RONa -|- JHz. The product, 
RONa, is a sodium alkoxide, whose specific name depends upon the structure 
of the R group. Thus, CHjONa is sodium methoxide, (CH»)iCHONa is so¬ 
dium isopropoxide, and C«HiONa is sodium phenoxide. Alkoxides and phenox- 
ides are white, powdery, deliquescent materials, soluble in alcohols, and 
hydrolyzed rapidly in water. 

RONa + HOH ROH -|- NaOH 

The equilibrium for this reaction lies far to the right, indicating that either 
(1) RONa is a stronger base than NaOH, or ( 2 ) HOH is a stronger acid than 
ROH, or both ( 1 ) and ( 2 ). Actually ( 1 ) and ( 2 ) are both true. 

The reaction of sodium metal with alcohols is not as vigorous as with water and 
offers a means of destroying waste sodium metal. Usually a large excess of methyl or 
ethyl alcohol is poured on the waste sodium and allowed to stand until all evidence of 
reaction has ceased. The mixture may then be discarded. Other metals react with 
alcohols, too, but more slowly than the alkali metals. Magnesium and calcium react 
slowly with anhydrous alcohols, and aluminum is usually amalgamated for reaction 
with alcohols. 

Hydronium ions are formed when a strong acid is dissolved in water. 

H. .H H.+.H 

:o: -l-H:Cl::?± ;o: -l- ■Cl: 

. .JJ 
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ehtoride ion and takes the proton away ifom 
^e cUoride ion. An alcohol molecule is also basic, and will form an oxoniuih 
ion widi a strong acid. 

R. .H R.+.H 

:o: +H:Cl: .‘O! :C1; 

... .jj 

For example, when HBr is passed into ethyl alcohol at low temperatures, the 
crystalline salt CiH|OH:HBr, m.p. = —28®, precipitates out. These salts 
are stable only at low temperatures, and since alcohols are poor ionizing 
solvents, the salts exist in solution as ion pairs. When water is added to a 
mixture of alcohol and acid, water draws a proton away from the ROH 2 '*' 
ion, revealing that water is a stronger base than is an alcohol. 

This last ststement may be confusing because it was stated above that water 
is a stronger acid than are alcohols. Several factors are involved to make water a 
stronger acid as well as a stronger base than are alcohols, such as solvation, electro¬ 
negativities, ionic radii, and resonance. It is beyond the scope of the present treatment 
to discuss the contribution of all of these factors. 


b. Formation of ethers. Replacement of the hydroxylic hydrogen of an 
alcohol by an alkyl group yields an ether. The equilibrium is unfavorable 
for the direct replacement through the simple reaction ROH -h RX ^ 
ROR + HX. The cation of a metal alkoxide can readily be replaced, how¬ 
ever; the reaction was discovered by Williamson more than a hundred years 
ago. The Williamson reaction is RONa -H R'X —► ROR' -|- NaX. This is 
simply a displacement reaction upon R'X, and is the method of preparing 
UDsymmetrical ethers (see Section 11.2). 


c. Ester formation. An acyl group is designated by the line formula 
R—CO—, where R has the usual connotation. One of three reagents is com¬ 
monly used as a source of acyl groups: a carboxylic acid, RCOOH, an acid 
chloride, R—COCl, or an acid anhydride, RCO—0—COR. Each of these 
three types of compounds reacts with an alcohol to replace the hydroxylic 
hydrogen atom by an acyl group. 

0 0 

R0^F+ HO^-C—“♦ RO-~C—R'd- HOH 

_0 o 

RQiH + ci^~C~R^ RO“C“R^ + HCl 


ROIH+ 0-C-R'- 

I I-:—^ 

6 I 


0 

II 


0-i-R' 


RO-C-R' -I- 0-C-R' 

<!)H 



Mort rewstioiu of the hydroxylk hjrdrogeQ^ 0 alcohols also occiO’ mth 
phenols. Thus, the hydrogen atom may be replaced by meUds, aUcyl groups, 
or acyl groups. 

OH + Na^Na + JH, 

0~"ONa "I" R—X —► <l >—OR ■!* NaX 
^—OH + AC|0 —♦ ^—OAc + AeOH 

The greater acidity of phenols also permits the replacement of the hydroxyl 
hydrogen by metals through reaction with alkali hydroxides. 

^H + NaOH 0—ONa + H,0 

The weaker an acid is the more its salt will hydrolyse; thus the order of 
degree of hydrolysis of the salts of carboxylic acids, phenols, and alcohols is 
alkoxide > phenoxide > carboxylate. 

Phenols react with aqueous or alcoholic ferric chloride to give colored solu¬ 
tions which may be some shade of red, green, blue, or violet. This coloration 
is used as a diagnostic test for phenols (or enols). A colored complex ion is 
produced with the ferric ion. The qualitative chemical test for alcohols, as 
described in the section on functional group analysis (Section 21.1), is the 
formation of a red color with ceric ammonium nitrate solution. Phenols, 
however, interfere with the test. 

It can be seen that the phenols and alcohols have some properties in com¬ 
mon and some which differ. Some broad comparisons are listed in Table 10.8. 

TAKE 10.8. COMPARISON OF PROPERTIES OF PHENOLS AND ALCOHOLS 

R,C-OH 

1. Mild pleasant odors 1. Distinct persistent odor 

2. Harmless to skin 2. Severely bum the skin 

3. Neutral to litmus 3. Weak acids 

4. No coloration with FeCU.,, 4. Coloration with FeCls,,. 

5. React slowly with bromine 5. React rapidly with bromine 

For reactions in which the entire hydroxyl group of an alcohol is replaced, 
the decreasing order of reactivity is tertiary, secondary, primary. One such 
reaction is the replacement of OH by X. 

3ROH-1-PX, -»3RX-h P(OH), 

ROH+PX* -» RX-h POX,-h HX 
ROH + SOX, -♦ RX -b SO, -I- HX 

ROH-bHX^ RX-I-HOH 

These reactions were given in Section 9.2 in connection with the preparation 
of alkyl halides from alcohols. The last reaction provides a basis for distin¬ 
guishing primary, secondary, and tertiary alcohols. A solution of zinc chloride 
in concentrated hydrochloric acid, called Lucas reagent, is mixed with a few 



270 


TEXTBOOK OF ORGANIC CHEMISTRY 


jnilligraniB of & flample and gently warmed to 30". In general, tertiary alcohols 
will react within 30 seconds, secondary alcohols will take from half a minute 
to five minutes, and primaty alcohols will not react at this temperature. Re¬ 
action is detected by the appearance of a turbidity. Alcohols are weakly basic, 
and the small quantity used will normally dissolve in the strongly acidic 
solution owing to oxonium ion formation, but the alkyl halide product is not 
basic, and therefore does not dissolve. There is formed an emulsion which 
appears as a turbidity. 

The three classes of alcohols are also distinguishable by their n.m.r. spectra. 
In a suitable solvent such as dimethylsulfoxide, coupling of the hydroxyl proton 
with H atoms on alpha carbons produces a triplet peak for a primary alcohol, 
a doublet for a secondary alcohol, and a singlet for a tertiary alcohol. 

When mineral acids are esterified with alcohols, the tertiary alcohols exhibit 
the greatest reactivity, which supports the view that the OH group is being 
replaced: 

RiOH-H h| 0N0, -»R0N0, + H0H 
RiOH -I- H|0S0,H ROSOiH + HOH 


It was stated above that the ease of removal of the OH group from an 
alcohol follows the sequence T > S > P. This can be attributed to the relative 
stability of the incipient carbonium ions, which decreases in this order: 

R,C+ > R,CH+ > RCH,+ > +CH, 


Decreasing stability 


Two factors are responsible for this sequence, hyperconjugation and induction 
(page 343). A hydrogen atom is more electronegative than an alkyl group and 
therefore pulls a shared electron-pair from the positively charged carbon more 
than an alkyl group does. This tends to increase the positive charge on the 
carbon and destabilize the species. The more hydrogen atoms attached to the 
carbon, the greater is this destabilization, consequently, CHi is the least 
stable of the carbonium ions. 

Hyperconjugation in the carbonium ions has a stabilizing effect: 


H 

. 4 -. 


H 


H H-C-H 
H-i-i+ , H+ 


H H—C-H 

(a) 


H H-C-H 

H H-A-H 

A 

(b) 

(Nine equivalent forme) 
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That is, this ion may be regarded as a resonance hybrid of 10 structures, and 
this delocalisation of charge makes the ion more stable than expected on a 
basis of the single structure (a). Since this hyperconjugation cannot occur 
for the '''CHi ion, and will increase with the greater number of a C —H bonds, 
then the order of stability of the carbonium ions decreases in the order T, S, P. 
Hyperconjugation is merely resonance, but to indicate that a sigma bond is 
involved rather than a pi bond (as in the resonance. 


CHf=^CH^H=CH,, 


+CHi—CH=CH—CH.) 


or lone-pair electrons (as in 


^ O- + 

CHjiCH—Cl;, -CH*—CH=C1:) 


the electron shift is called hyperconjugation. 

Thus, we have an explanation for Markownikoff’s rule concerning the di¬ 
rection of addition of polar molecviles to an alkene. In the addition of HCl, for 
example, the proton attracts the r electron pair to form the more stable 
intermediate carbonium ion 


HCl 

CHr-CH=CH,- 

HCl 


Cl 

CH,—CH—CH, ^ CHr-C;H—CH, 
A 2° carbonium ion Major product 

CH,—CH,—CH, 

A 1° carbonium ion 



CH, 


Br 

Major product 


The magnitude of resonance energy is larger than hyperconjugation energy. 
For illustration, when there are aryl groups attached to a carbinol carbon 
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in place of alkyl groups, the corresponding carbonium ion is stabilised to the 
extent that it exists in a measurable amount. For example, triphenylcarbinols 
behave as weak bases in concentrated sulfuric acid to yield carbonium ions. 

*C—OH + 2HiSO« ^ + H,0+ 4- 2HSO«- 

The presence of the carbonium ions is readily detected because they are 
colored. Quantitative determinations of the amount of ionization can be made 
from conductivity or spectroscopic measurements. The ions are much more 
stable than aliphatic carbonium ions because of resonance stabilization. 


^ ^ 4> 





The ion is a resonance hybrid of many structures because the positive charge 
may be placed at any of the ortho or para positions of the three benzene rings. 
The carbonium ions are further stabilized when there are substituents in the 
rings which readily accept the positive charge, and such ions form one of the 
types of stable dyes used commercially (Section 27.3). Although the aliphatic 
carbonium ions are stabilized by hyperconjugation, the effect is not large 
enough to lead to their existence in any observable concentration. They are 


R-CH,CHr-OH 


HXi 



KOH 

il- CfiOi", H|0^ 


Fe. AcOH 
cone. CnOi" 


LlAIHs 

HifiO), 2y 

^ * 

HiO. 

Hfi>04, 135® 


HOH. HaO ' 
HtBOi. 165*' 


MOH, HiSOt 
R'CXWH. HiSO, 


HOH, OH' 
HONOt 


^ HOH,OH- 
HOH 

' --■» 


Na 


R—CHrf^HJC 
R—CH^CH=-0 
R-CHr-COOH 
R-CH:CHrf>-SO|H 

(RCH^HOiO 

R-CH-CH, 

RCH^H^COR' 

RCH,CH,0-N0, 

RCHiCHiONa 


Fig. 10.2. QtarodorisHc rtaction chart for alcohol). 
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merdy reaction intermediates and quickly undergo a change to a reaction 
product. 

In contrast to alcohols, it is very hard to replace the OH group of a phenol. 
It can be reduced with zinc dust, but the reaction gives very poor yields and 
is impractical. Certain phosphate esters of phenols can be reduced with sodium 
metflJ in liquid ammonia in good yields. 

d. Dehydration. 

R—CH,—CHjOH + II080,H -»R—CH—CH, + H,0 • H,S04. 

The dehydration of alcohols was discussed m Section 3.2a as a method for 
preparing alkenes. 


e. Oxidation. When alcohols are oxidized, various products may result, 
depending upon the oxidizing agent and the degree of the alcohol, i.e., pri¬ 
mary, secondary, or tertiary. 


HsO* 

R—CHjOH-► R-CHO-R—COOH-► degradation 

dil. CriOi" cone. CnOi“ oono. 

MnOi- products 

Primary Aldehyde Acid 

alcohol 

_ HiO* HiO*. cono, CnOr" , , , , 

RiCHOH 7 -RiC=0-► degradation products 

dil. CriOr" 


Secondary 

alcohol 


Ketone 


_ _ _ __ eonc. CriOi", HiO* , ... , . 

RiCOH- * degradation products 

Tertiary 

alcohol 


The degradation products are unspecific compounds containing fewer carbon 
atoms than the initial reactants. For example, oxidation of ^butyl alcohol 
yields chiefly acetic acid, CHjCOOH, acetone, CHiCOCHj, and carbon di¬ 
oxide, each of which contains a smaller number of carbon atoms than the 
original alcohol. Observe that a primary alcohol is the only alcohol, and an 
aldehyde is the only carbonyl compound which will yield carboxylic acids 
without a loss of carbon atoms. These differences in behavior of the three 
classes of alcohols upon oxidation sometimes provide valuable clues in the 
investigation of the unknown structure of a substance. 

The oxidation of alcohols to carbonyl compounds is effectively a dehydro¬ 
genation, and indeed the process may be carried out by heating alcohols with 
copper metal. 


R H 

'V s 

l/ ''o-H 


R 

C-O + H, 

r/ 
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More will be said about the selective oxidation of alcohol groups to the re* 
spective carbonyl groups in Section 12.2, where the preparation of carbonyl 
compounds by this method is discussed. 

The difference in ease of oxidation of primary, secondary, and tertiary alcohols is 
another basis on which the three classes may be qualitatively distinguished. A drop 
or crystal sample of an alcohol is dissolved in 3 ml of glacial acetic acid, and a saturated, 
filtered, aqueous solution of potassium permanganate is added drop by drop with^ 
vigorous shaking. A tertiary alcohol will not undergo oxidation, i.e., will not change the 
color of the permanganate solution. If decolorization does take place, the addition of 
permanganate is continued until the pink color persists, then a drop of concentrated 
sulfuric acid is added, and more permanganate solution added dropwise. If decoloriza¬ 
tion continues, the alcohol is secondary; if the pink color is not discharged, the alcohol 
is primary. 

Acyloins, R—CHOH—CO—R, can be selectively oxidized to diketones in 
good yields with in refluxing acetic acid. 


C=0 

H 


BiiOa, 

AcOH 



'c=o 

I 

c=o 

/ 


A black precipitate of bismuth metal is quickly formed. The reaction is 
specific for a-keto-alcohols, and even glucose gives a negative test.' 

Oxidation of phenols. The phenol nucleus is easily oxidised, and even upon 
standing, phenol slowly turns brown owing to oxidation to colored products. 


Phenol Hydroquinone p-Quinone 

(white) (white) (yellow) 

The first step is essentially irreversible, but the hydroquinone-quinone couple 
is reversible. Phenol and hydroquinone have a "benzenoid" structure, i.e., the 
tjrpical benzene ring, but the quinone has lost the Kekul^ structure. Such a 
structure is referred to as a quinoidal ring. Quinone is a typical unsaturated 
ketone and undergoes addition reactions to the C=C bond and to the 
bond. Quinone reversibly forms a molecular addition compound with hydro¬ 
quinone, which is black. 

Hydroquinone -|- quinone ^ quinhydrone 

The bonding between the hydroquinone and quinone portions of quinhydrone 
cannot be represented in the usual fashion, so a structural formula will not be 


• W. Rigby, J. Chem. Soc., 793 (1951). 
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given here (see Section 19.1). The two molecules are present in a 1:1 ratio 
in the addition product. 

Quinone is sometimes used in place of maleic anhydride in the Diels-Alder 
reaction. It will add to one or two moles of a conjugated diene. 

CH=CH 

/ \ 

R,C Cll, 

\ / 

CH-CH 

/ \ 

CH-CH 0=C C=0 

/ \ \ / 

R,C CR, CH=CH 

+ + 


CH=CH 


o=c 


/ 

\ 

CH=CH 


\ 

0=0 

/ 


CH=CH 


/ 

R,C 

\ 

CH-CH 

/ 

o=c 

\ 

CH—CH 

/ 

R,C 

\ 

CH=CH 


\ 

CR, 

/ 

\ 

c=o 

/ 

\ 

CR, 

/ 


f. Nuclear reactions of phenols. The OH group is one of the strongest ring- 
activating groups and leads to several reactions which take place only with 
phenols. 

Reimer-Tiemann reaction: 


OH 


OH 



-I- CHCl, -I- 3NaOH 



OH 



p-Hydroxybensaldehyde 


The chloroform reacts with the base to form dichlorocarbene, and the 
phenoxide ion is a resonance hybrid with a large electron-density at the ortho 
and para carbons: 
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Again, tiro uomos are obtained, but in thia case they must be separated by 
fractional crystallizatbn. The ortho isomer has a common name, whereas the 
m- and p-hydroxybensoic acids are named as such. It is interesting that in 
the Kolbe^chmitt reaction the alkali salts give different ratios of the ortho 
and para hydroxy acids. 

Lithium salt gives 100% ortho, 0% para 
Sodium salt gives 75% orlho, 25% para 
Potassium salt gives 25% ortho, 75% para 

The strong ring-activating effect of OH causes phenols to be halogenated 
very rapidly. At room temperature, phenol gives tribromophenol almost as 
rapidly as the reagents are mixed. 



At temperatures below 5°, monobromination can be achieved, producing 
primarily the para isomer. 

Phenol can be mononitrated or monosulfonated at low temperatures. Nitra¬ 
tion of phenol with dilute nitric acid yields a mixture of o- and p-nitrophenol, 
which can be resolved by steam distillation. The OH group of the para isomer 
associates with water to make the phenol quite soluble in hot water, but the 
OH group of the ortho isomer is tied up by an intramolecular hydrogen bond. 


0 



This bonding prevents association with water, thereby decreasing its water 
solubility, and also gives it a higher vapor pressure. Consequently, the ortho 
isomer is steam distillable, while the para isomer is not. o-Nitrophenol also has 
low^ melting and boiling points than the meta and para isomers. Cf Table 
10.5. 
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FhenoJfl give colors with aqueous ferric chloride which may be red, green, 
blue, or violet. This coloration is used as a characteristic color test for phenols 
(in the absence of enols). A colored complex ion is produced with the ferric ion. 

Phenols condense with aldehydes to form polymers. The most widely known 
example is Bakelite, discovered by Leo Baekeland in 1907: 



Polycondensation takes place in two dimensions to give a tough, nonelastic 
polymer. 

Phenols condense with diazonium salts to yield deeply colored azo products 
(cf. pages 410 and 598). 



p-Hydroxyazobenzene 


10.7 OXIDATIONS OF ORGANIC COMPOUNDS 

When carbon atoms suffer oxidation, usually a C—C or a C—H bond is 
broken and an OH becomes attached to the oxidized carbon atom. For in¬ 
stance, it was shown in Section 3.4 that the hrst oxidation product of an 
alkene is a 1,2-glycol. Further oxidation of the glycol results in cleavage of a 
C—or C—C bond to the oxygenated carbon atoms, and the course of oxida¬ 
tion may follow several alternative routes, depending upon the oxidizing 
agent. For illustration, various possible oxidation products from an alkene 
are shown on page 279. Note that aldehydes, ketones, carboxylic acids, or COt 
may be formed, depending upon the oxidizing agent used, the experimental 
conditions, and the structure of the original alkene. Usually the C —C bond 
oi the glycol is not broken until all the hydroxylic C—H bonds have been 
oxidized, and C—H bonds of saturated carbons suffer no oxidation. 

Observe that in all the bracketed structures shown, there are two OH 
groups on one carbon atom. Such compounds are rarely stable enough to 
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R H R H 

« i J, o*'*!- 

—-^ R-C-C- R-► 

/ \ I I 

R R OH OH 

Alkonc 1,2-Glycol 



/ 

r— 


oxid. 


r R 1 

1 


r H I 

1 

R-C-OH 

-t- 

HO-C-R 

1 

. Ah _ 


OH . 


R 

r4 

\ 

Ketone 

oxid. 

OH 

R-i 
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Acid plus 
another 
degradation 
product 


-HiO 


+ 


H 

i-B 

// 

0 

Aldehyde 

oxid. 

OH 

A—R 

// 

0 

Carboxylic 

acid 


R OH ■ 
R-C-A-R 

. OH Ah 


R 0 


-H/> I II 

-► R- C-C-R 


I 

OH 

Hydroxy 

ketone 



-HiO 


acid 

I oxid. 


0 

C HO-c! 

R 0 L OHj 

Ketone Carbonic acid 


j-HiO 

o=c=o 

Carbon 

dioxide 


allow their isolation; they lose HOH to yield a C=0 bond. This is the case 
for the familiar carbonic acid, HjCOi, which has never been isolated. In water 
solution it is in equilibrium with COi. 

Another aspect of oxidation-reduction reactions is the matter of stoi¬ 
chiometry. Sddom is it necessary to balance the equation for a redox reac¬ 
tion completely, but merely to determine the reacting molar ratio between 
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oxkbnt and reduetaot. This invxdves an arbitrary assignment of oxidation 
levels to elements in organic compounds, which will be shown presently. 

When a sodium atom loses an electron to become a sodium ion, it has undw- 
gone an oxidation, and when a chlorine atom gains an electron to become a 
chloride ion, it has undergone a reduction. That is, oxidation is regarded as 
the loss of electrons, and reduction as the gain of electrons. With organic 
compounds, the complete gain or loss of electrons is not as apparent. Covalmt 
bonds consist of electron pairs being shared by two atoms, with the distribu¬ 
tion between the two atoms depending upon their relative electronegativities. 
For example, from Table 10.9 the relative electronegativities of carbon and 

TAKE 10.9. KEUTIVE KECntONEGATtVITY VALUES OF SOME ELEMENTS 


H - 2.1 


y 

Be 

B 

C 

N 

0 

F 

0.97 

1.47 

2.01 

2.50 

3.07 

3.50 

4.10 

Ns 

Mg 

A1 

Si 

P 

S 

Cl 

1.01 

1.23 

1.47 

1.74 

2.06 

2.44 

2.83 







Br 







2.74 







I 







2.21 


hydrogen are such that the electron pair of a C—H bond lies somev.hat 
nearer the carbon atom than the hydrogen atom. On the other hand, in a 
C—Cl bond, the greater electronegativity of chlorine draws the electron pair 
closer to the chlorine atom. Therefore, in a chlorination reaction 

\i- 1+ \i+ I- 1+ I- 

-C: H + Cl,-^—C :C1 + H :C1 

/ / 

an electron pair is drawn away from carbon, not completely, but only par¬ 
tially. Nevertheless, this limited withdrawal of electrons may be regarded as 
a partial oxidation, since oxidation is the loss of electrons. 

Id this sense covalent atoms may be considered to undergo oxidatkm or 
reduction. The oxidation sta^ cS an atom, then, is dependent upon the t 3 rpe 
of atoms with which it forms bonds. For a given atom, bomk with mwe 
electronegative atoms raise its level of oxidation, and bonds with less electro¬ 
negative atoms decrease its stage of oxidation (i.e., raise its level of reduction), 
whereas bonds betweoi like elements do not affect the stage of oxidation. For 
example, the oxidation stage of carbon in CHt and CHiOH may be connd- 
ered to be-4 and-2, reqiectively. 
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Other examples for carbon are as foUovrs (O.S. oxidation stage): 

H+ R“ 

\-+ - \o+- -++- 

+/ + - / - - + + - 
H -0 

-\ 

H 

+ 

O.S. = 0 0.8. - +3 0.8. - +4 

In this fashion, the relative oxidation stages of all elements in any organic 
compound may be determined/ however, seldom is it necessary. The major 
concern in an oxidation-reduction reaction is to know the stoichiometric 
relationships between the oxidizing agent and the reducing agent, so that the 
proper quantities may be used when carrying out the particular reaeUon. 
Fortunately, this information may be determined without the oxidation stage 
of atoms in organic molecules being known. In other words, one wishes 
merely to be able to write a balanced equation for a given redox reaction. 
There are several methods for doing this, and it is quite arbitrary which 
method one chooses. The method recommended here‘ is quite simple and is 
applicable to all ordinary reactions. It will be presented here with one illus¬ 
tration given. A detailed explanation is given in Section A7 of the Appendix. 

There are two general approaches conunonly used for balancing equations 
for oxidation-reduction reactions: the valence change method and the half¬ 
reaction method. The former is usually the quicker for simple cases, but some¬ 
times reactions are encountered which are baffling to balance by this method. 
Furthermore, it is more difficult to ascertain oxidation numbers for carbon 
in organic substances. Hence the half-reaction method is used here because 
the procedure is very simple and straightforward and will handle any exam¬ 
ple to be encountered. If desired, a valence-change procedure is given in the 
Appendix, and although it will usually be quicker in its application, it is 
more difficult to teach. 

Procedure: The recommended procedure involves three or four steps for 
balancing each half-reaction, depending on whether it is for an acidic or 
alkaline medium. 

* L. N. Ferguson, "Balancing Equations for Organic Oxidation-Reduction Reactions," 
J. Chm. Eiuc. 9S, 560 (1946). 

'The author is indebted to Dr. Gus Dorough, formerly of Washington University, 
St. Louis, for suggesting this method. 



282 


TEXTBOOK OF ORGANIC CHEMISTRY 


Step 1; Balance all elements except hydrogen and oxsrgen. 

Step 2: Bring oxygen to a balance with HjO molecules, then bring hydro¬ 
gen to a balance with protons. 

Step 3: Balance ionic charges with electrons. 

Step 4 (for alkaline media): Remove excess protons by adding an equal 
number of hydroxide ions to both sides of the arrow. 

IttuaircUion: Write a balanced equation for the oxidation of 

CH,-CH=C(NH2)-CH0H-CH,CH, 

to CHjCOOH + HOOC—CO—CHjCHj -|- Nj with K 2 Cr 207 in acid solution, 

Solution: 

Step 1: The C’s appeal to be balanced by merely writing down the reac¬ 
tants and products. In order to balance nitrogen, one merely writes 
down \ mole of Ni being formed. 

CHa—CH=C(NH,)—CHOH—CH,CH, 

CH,COOH -I- HO,C—CO—CaH, -|- iN, (1) 

Step 2; When counting oxygen atoms, it is found that there is 1 on the 
left and 5 on the right side, so 4 HaO’s are added to the left. 

4H,0 + CH,-CH=C(NH,)—CHOH—CHaCHa 

CHaCOOH -I- HO,C—CO-CaHa -t- iNa. 

Now there are 21 H’s on the left and 10 on the right, so add 11 H'*' 
to the right side. 

4 H 2 O -I- CH,CH=C(NH,)—CHOH—CHjCHa 

CHaCOaH -I- HOaC—CO-CaH, -|- JN, + 11H+ (2) 

Step 3; In (2) there are no ionic charges on the left, and there are 11 positive 
ionic charges on the right; therefore chargee are brought to a bal¬ 
ance by adding 11 electrons to the right. This gives a balanced 
half-reaction. 

4HaO + CH,CH=C(NH 2 )—CHOH—CH,CH,-» 

CHaCOaH -|- HOjC—CO—CH,CH, -|- JNa + 11H+ -|- lie- (3) 
For the dichromate half-reaction: 

Step 1: CraO?” —»201^* 

Step 2: Add 7 HaO’s to right side to balance oxygen. 

CraOa" —> 2Cr'*'* -1- 7HaO 
Add 14 H'''’s to left side to balance hydrogen. 

14H+ -I- CraOr- 2Cr+' -|- 7H,0 


(4) 
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Step 3: With +14 — 2 » +12 ionic charges on the left and 2 (+ 3 ) » +6 
on the right, charges are brought to a balance by adding 6 electrons 
(i.e., 6 negative charges) to the left side. The balanced half-reaction 
then becomes; 

6e- + 14H+ + Cr,0,- -»2Cr+* + 7HiO (5) 

Now, in order to combine the two half-reactions, an equal number of elec¬ 
trons in each is obtained by finding the lowest common denominator {LCD) 
and multiplying each by the quotient. Here, LCD = 6 X 11 = 66; hence, 
66/11 = 6 times equation (3), and 66/6 = 11 times equation (5). The two 
are then combined and common items canceled. 

6 X (3) 

24HsO + 6 CH,CH= CCNH,)—CHOH—CHsCH, — 

GCHaCOOH + 6 HO,C—CO—CHjCHa + 3Nj + 66 H+ + 66 e- 

11 X (5) 

66e- + 154H+ + llCrjO,- 22Cr+» + 77HjO 

6 CH,CH=r.C(NHj)—CHOH—CHaCH, 6 HOjC—CO—CH,CH, 

+ 24H,0 + 66e- + 154H+ + llCrjO," + 6CH,COOH + 3Nj + 66H+ 

+ 66e- + 22Cr+> + 77 H 2 O 

Subtracting 24H20, 66e“, and 66H+ from both sides leaves 
6 CH,CH=C(NHj)-CHOH—CHjCHa 6 HO 2 C-CO—CH,CH, 

+ 88H+ + llCr,07- + 6CH,COOH + 3Nj 

+ 22Cr+» + 53H,0 (6) 

This is the balanced equation sought, and a check of charges and matter 
reveals that they balance. For more detailed explanations of the procedure, 
see Section A7 of the Appendix. 

10.8 POLYHYDRIC ALCOHOLS 

Dihydric alcohols are called glycols (Gr. glykeros, sweet, ol, alcohol) but 
their generic name according to the Geneva system has the suffix dial with 
numerical prefixes to indicate the positions of the OH groups. Examples are 
the following: 



HO 

1 -eMthyl-cii-l ,2-cyclopeQtanediol 


4-Methyt-2,6-heptaiiediol 
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CompoundB containing three OH groups are called triola, and the one of 
largest value is 1,2,3-propanetrtol, known to every chemist as glycerol and 
as glycerine at the comer drugstore. 

CH^CH—CH, 

III 

OH OH OH 

Glycerol 

Several polyhydrie phenols are quite common, and most of them have 
trivial names. 

OH OH OH OH 



OH 

Catechol Reeorcinol Hydroquinone Phloroglucisol 

They exhibit the same properties as phenol in general but are much more 
reactive. 


a. Preparation of 1,2-glycols. The 1,2-glycols, commonly called pinacols, 
are probably the most important of the glycols, and several general methods 
of preparation are used. 

Oxidation of olefine (page 103): 

R,C=CR, R,C—CR, O.A. - MnOr, Na,CO, aq. 

I I or 

HO OH H,0„AcOH 

Hydrolyeie of vie. dihalides; 

R,C—CR, + 2KOH R,C—CR, -I- 2KX 

XX H(i) in 


Pinaeol reduction of ketones: 

2R,C=0 + Mg -r R,C-CR, ^ 

i A 


R,C—CR, -I- Mg++ 
H(!) in 


Other types of glycols may be made by the methods employed to make mono- 
hydric alcohols, starting with the appropriate compounds. 


b. Properties of glycols. Glycols have the same general chemical and 
physical properties discussed previously for the monohydiie alcohols, but 
owing to the presence of two hydroxyl groups, they have additional prop- 
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eities. One is the formation of cyclic compounds. For instance, cyclic products 
are formed intramoleculariy or with carbonyl compounds: 

R CH, R CH, 

\_ / \ \__ / 


CH 


:e 

/ \ / 

R CH, 

1,4-Diola 


OH 

OH 


(CHi)i80 
-► 


CH 

I 

CH 

/ \ 

R CH, 

Tetrahydrofuraiu 


0 


R, 0 

R, OH CH, \ / \ CH, 

\ / / HC. C \ / 

C + 0=C I C 

I \ " C / \ 

R,—C—OH CH, / \ / CH, 

R, 0 

1,2-Diolfl Aoetonidee 

This reaction is sometimes used for the formation of derivatives of 1,2-glycolB 
in their identification. 

CH, 0 H 

CH. OH 


\ / 

CH 

/ 

CH, 

\ 

(CH,)r-C—OH 

2-Methyl-2,4-pentanediol 


H 


+ 0=C 


/ 

j 

\ 


R 



CH C 


1 l\ 

catftlytio amt. 
ol p-toluene- 
■ulfonio acid 

CH, 0 R 

baniene aolvent 

L/ 

/ \ 


CH, CH, 

A 1,3-dioxane 


The pentanediol appears to form the 1,3-dioxane ring only with aldehydes 
and therefore has been used to separate aldehydes from ketones. 

The 1,2-glycols can be cleaved to the corresponding carbonyl compounds 
by oxidation with lead tetraacetate or periodic acid. Thus, there are two 
routes from an olefin to the two respective carbonyl compounds. 

R R R R 

^c-o + o-c^ 

R R R R 


HIOi 

Pb(OAii)i 



Al 
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The periodic acid reagent provides a basis for the qualitative detection of 
l,2^1yoob. When periodic acid oxidizes a 1,2-glycoI, the periodate ion is 
reduced to iodate ion. If silver nitrate is added, silver iodate will precipitate. 
Silver periodate is quite soluble, so that the appearance of the white precipi¬ 
tate indicates the presence of iodate ion brought about by the reduction of 
periodate ion by a 1,2-gIycol. 

Pinacol rearrangement: When heated in dilute mineral acid, pinacols, i.e., 
lj2-glycols, undergo a molecular rearraiq^ement to pinacolones. 




R 

I r 

R—C-k)H ! 

< —^^1 • 


T xtI a 


C-O-l-H 

I 

R 


R 

I 

R-C-R 

I + H,0 
C=0 

I 

R 


The reaction consists in a loss of a molecule of water from the two OH groups 
and a migration of an alkyl group to the adjacent carbon atom. 


R H 


R 


R—C-<iH R—C—OH "'R—C—6H 

r’ i ■■ 


R 

R R 

R—il—R R—C~R 

+c-^h”’ 

i ■■ 


R 

_ji* R-“C—R 


I + ' 

O-OH 

A 


i-0 

A 


Such molecular rearrangements in organic chemistry are not uncommon and 
differ from tautomerism in that the reactions are not readily reversible. 
Other types of rearrangements will be encountered throughout this book. 

c. Special glycols. The simplest glycol, H 2 C(OH)i, is unstable and cannot 
be isolated. It exists in aqueous solution where it is in equilibrium with 
formaldehyde and water. 


H,C 


/ 


OH 




OH 


HiC—O -1- HOH 
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X 

This is consistent with the observation that compounds of the type C 

\ 

are usually too unstable to be isolated, where X may be OH or NHi, and Y 
may be OH, OR, NHi, NRj, OCOR, SH, or a halogen atom. If Y is a strongly 
electronegative group, such as COOH, SOjH, or CN, the compounds may be 
isolated but are easily decomposed. Increasing the electronegativity of the 
carbon atom also increases the stability of such compounds. Thus, with the 
strongly electronegative group CClg attached to carbon, the corresponding 
1,1-glycol is stable and isolable. 

H 

I 

C1,C—C—OH 

I 

OH 

Trichloroacetaldehyde hydrate or chloral hydrate 

The next higher glycol, ethylene glycol, is the most common of the family. 
Most of it is prepared commercially by the air oxidation of ethylene to 
ethylene oxide, which is then hydrolyzed to the glycol: 


CHf=CH,^^CH, 


250“ 


-CH,-5i^CHr-CHi 

\ / "I I 

0 OH OH 


Ethylene 

oxide 


Ethylene 

glycol 


When ethylene glycol is heated with dilute aqueous sulfuric acid, 1 j^-dioxane 
is produced: 

0 

/ \ 

dil HiSO H*C CH) 

2HQ-CH,CHr-OH ' ♦ | | -h 2H,0 

H,C CH, 

\ / 

0 


Dioxane is a valuable solvent because it dissolves many organic substances 
and is also completely miscible with water. When ethylene glycol is heated 
with a dehydrating agent like phosphoric acid, water is lost between two 
OH groups and polyethylene glycols are obtained: 

HGCHiCHiOH + HOCH,CH,OH^ 


H0CH,CHr-0—CH,CH,OH + H,0 
Diethylene glycol 
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nHOCHiCHrf)H^ 

H0CHrf3Hr-0—(CH,CH»0).-i-CH,CH,0H + (n - 1) H/) 

These polyethylene glycols contain alcohol (OH) and ether (C—0—C) 
functional groups. This makes them soluble in water and they range from 
viscous liquids to waxlilce solids (Carbowaxes). 

d. Glycerol. In the laboratory, glycerol could be prepared by any of the 
reactions used for preparing monohydnc alcohols, but the commercial produc¬ 
tion of glycerol is chiefly by one of two methods. The older of the two methods 
is by the hydrolysis of fats: 

Fat + alkali gives glycerol -|- soap 
CH,0—COR CH^H 

I I 

CHO—COR -h 3NaOH —► CHOH -h 3RCOONa 

I I 

CHK>-COR CHiOH 

A /ol is a triester of glycerol, and its hydrolysis yields glycerol plus the metal¬ 
ion salt of a carboxylic acid, called a soap. In colonial days this reaction was 
performed for the purpose of making soap, by using meat tallow as a source 
of fat and ashes to provide the alkali. During World War II the housewife’s 
grease drippings were taken to the butcher in exchange for meat coupons, 
because the fat was needed to produce glycerol and soap for the war effort. 
The soap was used in the production of synthetic rubber as an emulsifying 
agent, and the glycerol was used, among other things, in the production of 
smokeless-powder explosives and plastics. However, there was a demand for 
much more glycnol than could be obtained from available fats, and industry 
sought other sources. The method finally adopted was a synthesis from 
propene: 

CHr-CH—CH, CH,-CH-CHiCl 

Propezie Allyl chloride 

CHi-CH-CHiOH ^ CHr-CH-CH, CHr-CH-CH* 

ii ()H ciH (!)h oh in 

Allyl alcohol Glycsrd Qbronol 

ohlorohydrin 

This has been a highly successful procedure and accounts for a major portion 
of the present-day production of glycerol. 

In the chlorination of prop^ at 500*, substitution takes place instead of addition, 
owing to the high reactivity of chlorine atoms. 
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Cl,-2a’ 

A 

Cl ■ + CH,-CH-CH, - HQ + CHi~CH-CH „ CH,-CH-CH, 

” 1 “ 

CH*-CH-CH,C 1 + cr 

The ally) radical is a reBonance hybrid of two equivalent etnicturea, and although it 
is not diacemible, the chlorine atom in allyl chloride is attached to the former CHi 
group in some molecules and to the former CH 2 group in other molecules. If the C’s 
are labeled with isotopic carbon or with substituentsj then the resonant hybrid nature 
of allyl radicals is apparent. For example, the same proportion of dichlorination prod- 
ducts is obtained when starting with CHi==CH—CH 2 CI as with CHC1»=CH—CHi: 


CH,=CH-CHiCi^ 


CHf*CH-CHCl, CH*-CH=CHC1 

j;;: ' 

CH 2 -CH-CHCI 2 + CICH 2 -CH—CHCl 
10% 90% 



CHCl-CH-CH, ^ CHCl-CH-CHa. CHCl-CH-CH* 


Evidence against the notion that the mechanism of chlorination of propene involves 
the addition of Cli followed by elimination of HCl is the fact that pyrolysis of 1,2- 
dichloropropane does not give the same product as high-temperature chlorination of 
propene. 

Glycerol can be esterified with mineral acids just as the monohydric alcohols are. 
The trinitrate ester, commonly called trinilroglycerine may be obtained with nitric 
acid. 

CHiOH CHjONO, 

iHOH + 3HONO, 5^5 inONO, + 3HOH 

iH,OH CHiONO, 


10.9 USES OF HYDROXY COMPOUNDS 

Among the organic chemicale produced commercially, ethanol and methanol 
rank second and third in quantity of annual production. Methanol is used 
largely (1) as a solvent in the plastics and textile industries, (2) for rinsing 
metal and glass parte in various industries, (3) for power boosters in gasoline 
engines, (4) for antifreezes, and (5) for the production of formaldehyde (see 
Section 12.2). Commercial airliners bum a carburetor injection mixture of 
60 per cent methanol and 40 per cent water, which increases power on take¬ 
off. It is fed to the engines for about 40 seconds, automatically cutting off 
after the plane is air-bome. Carburetor injection mixtures based on methanol 
are also used in racing cars and motorboats. 

Ethyl alcohol is used extensively in a large number of manufacturing 
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operations; ( 1 ) as a starting material for synthetic products, ( 2 ) as a process¬ 
ing solvent, and (3) as an ingredient of commercial products. Lacquers, 
varnishes, medicinal extracts, flavoring extracts, perfumes and cosmetics, 
organic chemicals, photographic materials, dyes, inks, synthetic rubber, 
radiator antifreezes, and fuel are some of the commodities for which alcohol 
is employed in their manufacture. 

Isopropanol is an effective germicide. It is used as a rubbing compound 
for massage purposes, in lotions, liniments, liquid soaps, and antiseptic 
solutions. 

The toxicity of hydroxylic compounds fluctuates considerably from com¬ 
pound to compound. For instance, methyl alcohol is very toxic; small amounts 
taken internally may produce blindness or may even be fatal. Ethyl alcohol 
is fairly nontoxic, although it produces definite physiological effects (page 
256). Ethylene glycol is quite toxic. It is oxidized to oxalic acid by the body, 
whereupon calcium oxalate deposits in the renal tubes, causing anuria. 
Diethylene glycol, (H 0 CHiCHi) 20 , is very toxic. In 1937 over 70 people died 
as a result of medication with a solution of sulfanilamide in diethylene glycol. 
On the other hand, propylene glycol, CH 3 —CHOU—CHjOH, is nontoxic. 
Allyl alcohol is very toxic, and even contact with the skin is to be avoided. 

Ethylene glycol is cx)mmonly used in "permanent” antifreezes. Its second 
largest use is in the manufacture of ethylene glycol dinitrate for low-freezing 
dynamite. Glycerol trinitrate is a powerful explosive which formerly was 
soaked up by sawdust for stabilization and sold as dynamite. Today, dy¬ 
namites have other ingredients besides nitroglycerine, particularly, ethylene 
glycol dinitrate. At one time most accidents involving dynamite resulted 
from its freezing. By lowering the freezing point of dynamite, ethylene 
glycol dinitrate has helped to make it safer to handle. Ethylene glycol is also 
used as a moistening agent for cellophane and in the manufacture of plastics 
and antiseptics. 

In addition to being used in the production of explosives and plastics, 
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glycerol is used as a moistening agent for tobacco, as a softening agent for 
cellophane films, in cosmetics, in food products, and as a commercial solvent. 
The glycerol use-pattern is shown in the chart in Figure 10.3. 

A large fraction of our phenol supply goes into the production of plastics 
(Bakelite) and resins. Phenols are also used in preparing dyes, photographic 
developers, wood preservatives, flavoring agents, local anesthetics, drugs, and 
perfumes. 


STUDY EXERCISES 

1. Give three general equations for preparing primary and secondary alcohols and 
two for preparing tertiary alcohols. 

2. How are the following compounds prepared commercially: (a) methyl alcohol, 
(b) commercial ethyl alcohol, (c) absolute ethyl alcohol, (d) 1-propanol, (e) isopropyl 
alcohol, (0 glycerol, (g) ethylene glycol, (h) phenol? 

3. How is alcohol produced from carbohydrates? 

4. What is meant by the term "associated liquid"? 

5. How does intermolecular hydrogen bonding affect two properties of hydroxylic 
compounds? 

6. What is the order of reactivity of l-butanol, 2-butanol, and <-butyl alcohol 
toward (a) sodium metal, (b) PCh, (c) esterification by an organic acid, (d) esterifica¬ 
tion by nitric acid, (c) dehydration by sulfuric acid? 

7. What is meant by the terms "soap" and "fat”? 

8. What reagents would be used to convert ethyl alcohol into (a) chloroethane, 
(b) acetaldehyde, (c) acetic acid, (d) ethyl ether, (e) ethylene, (f) ethyl acetate, 
(g) ethyl nitrate, (h) ethyl nitrite, (i) sodium ethoxide, (j) ethyl hydrogen sulfate? 

9. What are the structures of the first stable oxidation products of n-propyl and 
isopropyl alcohols? 

10. Using graphic formulas, write equations for the production of i-butyl and 
isobutyl alcohols from isobutylene. 

11. Write the structural formulas for (a) l-hexene-3-yne-5-ol; and (b) 2-nitro-l,3- 
propanediol. 

12. Write structural formulas for the 8 pentyl alcohols. Name each isomer and 
write the formula for the first oxidation product of each primary and secondary alcohol. 

13. If one knew the boiling points of ethyl and propyl alcohols, how could he esti¬ 
mate the boiling point of 1-pentanol? Carry out this procedure and check the estimate 
with the known value. 

14. A liquid of boiling point 197°C. is completely miscible with water. Can it be a 
monohydric alcohol? 

15. How are phenols prepared in the laboratory? 

16. Using structural formulas, diagram the addition of quinone to isoprene. 

17. How do phenols and aliphatic alcohols compare in'acidity, toxicity to the skin, 
color with aqueous ferric chloride, and reactivity to bromine? 

18. Illustrate by equations the reaction of m-cresol (m-methylphenol) with (a) so¬ 
dium metal, (b) sodium hydroxide, (c) bromine at room temperature, (d) alkali plus 
chloroform. 

19. Explain the fact that triphenylcarbinol yields a measurable amount of carbo- 
nium ion in sulfuric acid but that tricyclohexylcarbinol does not. 

20. How could each of the following be prepared using a Grignard reagent and the 
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appropriate carbonyl compound: (a) n-pentyl alcxritol, (b) 2-pentaaol, (o) 3-inethyl<3- 
pentanol, (d) 1-phenyI-1-butanol, (e) 3-pentene-2-ol, (f) 1-meUiylcyolopentanolT 

21. Oiler an explanation for the trend in heats of hydrogenation of the foUowing 
aUcenea: 

32.0 kcal/mole 

CHr-CH-CH, 30.1 

tTan»-2-butene 27.6 

2-Methyl-2-butene 26.9 

Tetramethylethylene 26.6 

22. ci«-l,2-Cyclopentanediol reacts with acetone plus dry HCl to give a compound 
M, CsHuOi. M is inert to hot aq. NaOH but readily produces 1,2-cyclopentane^ol in 
aqueous acid. Propose a structure for M and explain the fact that <ran«-l,2-cyclo- 
pentanediol does not give a compound such as M. 

TEST QUESTIONS, Sef 10 

1. How could a solid alcohol be distinguished from a solid paraffin? 

2. What series of reactions could you use to transform n-propyl alcohol into (a) 
isopropyl iodide, (b) n-hexane, (c) propyne, (d) n-butyl alcohol? 

3. If ethyl alcohol is used to produce ethylene, how many liters of ethylene, meas¬ 
ured at 25° and 730 mm, could be obtained from 10 moles of alcohol, if the yield in 
the reaction is 80 per cent? What volume, measured at the same temperature and 
pressure, if the yield is 90 per cent and 10 liters of alcohol is used which is 92 per cent 
pure (sp. gr. - 0.813)? 

4. Why can one predict that oxidation of 2-hydroxybutane would give 
CHi—CX)—CHj—CHi and not 2,3-dihydroxybutane? 

5. Can calcium chloride be used to dry the lower alcohols? Why, or why not? If 
it cannot be used, what drying agents may be used? 

6. If 1-g samples of methyl and ethyl alcohols are separately treated with an excess 
of methylmagnesium iodide, what volume of methane will be evolved at STP in each 
case? 

7. The molecular weight of water in the liquid state is a multiple of 18. Give a pos¬ 
sible explanation. 

8. How can one determine the quantity of alcohol in a mixture of (a) alcohol and 
n-hexane, (b) alcohol and n-hexene? 

9. How can one distinguish by qualitative test-tube experiments (a) ethanol from 
ethyl ether, (b) sodium propoxide from sodium hydroxide, (c) 1,3-pentanediol from 
1,2-pentanediol, (d) isobutyl alcohol from isopropyl alcohol, (e) allyl alcohol from 
n-propyl alcohol? 

10. When treated with potassium metal, 1.84 g of a monohydric alcohol gave o& 
448 ml of hydrogen, STP. What is the molecular weight of the alcohol? What would 
be the molecular weight if it were a dihydric alcohol? 

11. Write a balanced equation for the oxidation of 1-butene to CHiCHiCOOH plus 
COj with potassium dichromate in acid solution. 

12. What weight of potassium dichromate would be required to oxidise 1 mole of 
CH|—CHOH—CHi—CHO to CHr—CO—CHj—COOH in acid solution? 

13. Ten grams of a mixture of hexane and ethanol are reacted with excess sodium 
metal, and 224 ml of hydrogen STP are collected. What is the percentage of alcohol 
in the mixture? 

14. One mole of a substance reacts with acetyl ddoride and it is found that 2 moles 
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of acetyl chloride are consumed. The product has the molecular formula 
What is the molecular weight of the original substance? 

16, What weight of potassium dichromate would be required to oxidise 29 g 
of CHOH—^JH^ which is 80 per cent pure to CH*CHO 

+ HOOC—COOH + CHjCHO in acid solution if the dichromate salt is only 92 
per cent pure? 

16. Write a balanced equation for the oxidation of CHaCHjCCNHO^CH—CHOH 
—“CO—COOH to CHjCHaCOOH + N 2 + 400: with potassium permanganate in 
acid and in alkaline solutions. 

17. A compound S when treated with ozone gives compound T. When T is 
treated with w^ater it gives the same two compounds as does the oxidation of 
CHb-CH(CH 3 )-CHOH-CHOH-CH 2 CH 3 with periodic acid. What are the struc¬ 
tures of T, and the two oxidation products? 

18. What quantities of organic substances would be required to make 17.6 g of 
3 *pentanol from CHjCHjCHO and any desired chemicals? 

19. A compound X, C 7 HuO, has an infrared band in dilute CCI4 at 3628 cm"\ none 
in the 1680-1725 cm“‘ range, and is inert to cold aq. KMnO^. Upon oxidation with hot 
aq. potassium dichromate in sulfuric acid, a compound C 7 H 12 O 4 is recovered which 
neutralizes two equivalents of sodium hydroxide. Propose two possible structures for 
X and give the basis for your answer. 

20 . What relative weights of methyl alcohol, ethyl alcohol, and ethylene glycol are 
required to produce the same lowering of the freezing point of water when added to 
a given volume of water? 

21. On what basis would one expect methane and water to have nearly the same 
boiling points? What are the actual facts and how do you explain them? 

22 . What would be the chief products formed in the dehydration with sulfuric acid 
of (a) 2-hexanol, (b) 2-methyl-3-hexanol, (c) 4-m€thyl-3-hexanol, (d) 3-methyl-2- 
hexanol? 

23. If one were to distill 98 per cent ethyl alcohol very carefully through a fraction¬ 
ating column for the purpose of getting pure alcohol, would he want the distillate? 
Why, or why not? 

24. Explain the fact that diethyl sulfide, (C 2 H 6 ) 7 S, boils at a higher temperature than 
ethanethiol, CsHiSH, but ethyl alcohol has a much higher boiling point than ethyl 
ether, (CjHi)iO. 

25. On the basis of the respective boiling points, propose a stereo structure for 
1,3-cyclohexanediol: 1,3-cyclohexanediol, boiling point 65“ 

1,4-cyclohexanediol, boiling point 100 - 102 “ 
cw-l,2-cyclohexanediol, boiling point 104 

26. How could one demonstrate that hexa-p-tolylethane [(p-CHjC 6 H 4 )jC—C— 
(CjHi—CHi-p)a] dissociates in benzene solution? 

27. How could you distinguish 3,4,5-trimethylphenol from triphenylcarbinol by 
qualitative test-tube experiments? 

28. Which solution will have the larger pH, 1 M sodium phenoxide or I M sodium 
acetate? 

29. How could one distinguish by qualitative test-tube experiments (a) cyclohexanol 
from phenol, (b) p-cresol (p-methylphenol) from benzoic acid, (c) picric acid from 
phenol, (d) 2,4,6-trimethylphenol from 3,5-dimethylphenol? 

30. What weight of sodium dichromate would be required to oxidize 1 mole of hydro- 
quinone to quinone? 

31. 2,6-Dimethylphenol dissolves in alkali and gives a color with aqueous ferric chlo- 
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ride, but 2,6-di4-butylphenol does not. Cu> you think of b poasible expUnntioa for 
this unusual behavior of the latter compound? 

32. Predict the order of increasing solubility in water for chloroform, bromoform, 
Bitd carbon tetrachloride. Explain the basis for your prediction and compare it with 
the observed facts. (Solubilities in g/lOO g HiO at 20°; CHCli, 0.82; CHBri, 0.1; 

ecu, 0 . 08 .) 

33. Account for the observation that the infrared carbonyl frequency in salioyl- 
aldehyde (o-HO—CA—CHO) is lower (1666 cm“‘) than that of m-hydroxyben*al- 
dehyde (1700 cm "*). 

34. On the basis of the infrared data given below, what structure would you assign 
compound I (roa 3622 cm~'), la or Ib? 

HO CH, H,C OH HO H H OH H OH 

la lb II III IV 

I'on “ 3628 cm”’ vqh “ 3572 cm”’ eoa “ 3551 cm”* 

Give the basis for your reply. If compound I were hydrogenated to the saturated 
bicyclo alcohol, what frequency would you predict for its roa? 

35. Three unlabeled bottles arc known to contain a different one of the following 
compounds: 


HO H H OH HO H 



R S T 

What spectral measurements would you make to identify the contents of each bottle? 




n 

Ethers 


Ethers comprise the class of compounds in which two carbon-attached 
groups are joined to a single oxygen atom, or what may be regarded as a 
disubstitutioQ product of water. 

0 0 0 0 

/\ /\ /\ /\ 

HH RH RR 0R 

Water An alcohol Ethers 

The attached groups of the ether may or may not be alike. Ethers in which 
the groups are not alike are referred to as mixed, or unsymrnetrical, ethers. 
The most common of all ethers, ethyl ether CjH|—0—C|H», is usually just 
called ether. 


11.1 NOMENCLATURE 

The Geneva system suggests that ethers be named as alkoxyl derivatives 
of other clas^ of compounds. The common or trivial way of naming ethers 
is to name the organic groups attached to the oxygen atom and add the 
word ether.' Some examples are as follows: 

CHr-CH,CHr-0-CH,CH,CH, 

OCiHi 


l-(n-Propoxy)-propane Ethoxycyclohexane 

or or 

n-propyl ether cyclohexyl ethyl ether 

' The ptefixea di-, tri-, etc., are used to indicate two or more eimple groups, aa in 3,3- 
dimethylpentane or trichloromethane. For two or more identical complex groups, the 
prefixes bit- snd Iris- are used. The prefix bi- is used to denote a double molecule formed by 
the union of 2 like molecules through the loss of hydrogen. For example, biphenyl is 
CiH«—C«Hi, and bicyclohexyl is CtHu—CiHu. The I.U.C. has agreed that radicals with 
two identical groups attached do not need the prefix di-. Thus, CH|—O—CH| is methyl 
ether, not dimethyl ether, and (CiHiO)iSOi is ethyl sulfate, not diethyl sulfate. This is 
consistent ^th the practice of naming inorganic s^ls, for MgCli is magnesium chloride, 
not magnesium bichloride, and NsiSOi is sodium sulfate, not diso^um sulfate. 
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C,Hr-0-CaH, 

Phanyl ether 

CHr-CH, 

I ! 

OH 0C*H6 

Ethylene glycol monoethyl ether 
or 

/3-ethoxyethanol 


CH, 



Phenyl methyl ether or anieole 
CHr“CH-0-CH,CH, 

I 

Br 

1-Ethoxy-l-bromoethane 

or 

o-bromoethyl ethyl ether 


Cl—CH 2 CH,—O--CH 2 CH 2 —Cl 
l-(2-Chloroethoxy)-2-chloroethane 
or 

6«-(^chloroethyl) ether 


n.2 PREPARATION 

a. Catalytic dehydration of alcohols. 

AlfO* 

2ROH—+ROR + HOH 

250* 

ROH + HOSO 3 H ROSOaH —► ROR' + HiSO* 

It will be recalled from Section 3.2 that the reaction of alcohols with sulfuric 
acid produces an alkyl hydrogen sulfate, which yields an ether at about 
135® in the presence of more alcohol. At higher temperatures the alkyl 
hydrogen sulfate produces an alkene. 

b. WilUamson synthesis. This is the most practical method of making 
mixed ethers. 

RONa + R'X ROR' -f NaX 

The reaction gives good yields, is simple to carry out, and can be applied to 
the preparation of aryl ethers; 

6—ONa + RX -4 6—OR + NaX 

The industrial preparation of ethers is, in general, through modifications 
of these laboratory methods. Frequently syrupy phosphoric acid is used as 
the catalyst in place of sulfuric acid. 

11.3 PHYSICAL PROPERTIES 

Ethers are nonassociated substances and have boiling points (Table 11.1) 
near what would be expected on a basis of their molecuUw weights. Thus, 
their boiling points are near those of the respective hydrocarbons in which 
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TAKE 11.1. PHYSICAL CONSTANTS OP SOME ETHERS 



Melting 

Boiling 

Ntmt 

Point 

Point 

Methyl ether 

-140 

-24 

Ethyl ether 

-116 

34.6 

n-Propyl ether 

-122 

91 

n-Butyl ether 

-95 

142 

Isopropyl ether 

-60 

69 

Vinyl ether 


35 

Allyl ether 


94 

Anisole 

-37 

154 

Ethyl phenyl ether 

-33 

172 

Phenyl ether 

27 

259 

Ethylene oxide 

-111 

14 

Tetrahydrofuran 

-108 

66 

1,4-Dioxane 

11 

101 


CHi occurs in place of the ether oxygen atom. In Table 10.2 it was shown 
that R—0—R and R—CH*—R have boiling pmints fairly close. In Section 
10.5 was discussed how the lack of association results in normal boiling points 
for substances whereas association with water tends to make compounds 
water soluble. For illustration, n-pentane and ethyl ether are nonassociated 
liquids and boil at much lower temperatures than does ra-butanol. 



n-Fentane 
B.p. - ae** 
insoluble in H|0 


CHj CH, 


/ \ / 

CH, 0 


\ 

CH, 


Ethyl ether 
B.P. - 34.5" 
8% soluble in HiO 


CH, CH, 

/ \ / \ 

CH, CH, OH 

n-Butanol 
B.P. - 118' 

9% soluble in HiO 

The OH group of water, however, can form hydrogen bonds with the oxygen 
atoms of the ether and the alcohol molecules, making them more soluble in 
water than pentane. Thus the association of water with alcohol and ether 
molecules gives them greater water solubilities than hydrocarbons, and co¬ 
association of alcohol molecules with themselves gives them higher boiling 
points than their isomeric ether molecules. 

The lack of complete solubility of the first few ethers in water appears to 
be due to a spatial hindrance of the alkyl groups which blocks the close 
approach of aggregated liquid water molecules. For instance, the cyclic 
ethers ethylene oxide, tetrahydrofuran, and dioxane. 
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0 

/ \ 

H,C-CH, 


Ethylene oxide 


0 

H,C'^ ^CH, 


I 

H,C- 


CH, 


Tetrahydrofur&n 


0 

H,C^ ^CH, 

1 I 

H,C CH, 

Dioxane 


are each completely miscible with water, whereas the corresponding open 
chain ethers are not.* 

A divalent oxygen atom has two pairs of unshared electrons, one pair of 
which it is willing to share with an agent (Lewis acid) that strongly wants 
an electron pair to complete its valence shell.* In other words, the oxygen 
atom is weakly basic, weaker even than a trivalent nitrogen atom. Accord¬ 
ingly, the oxygen will share an electron pair (neutralize) with only a strong 
acid, producing an oxonium ion or salt. 


R R 

\ .. \.. 

0. -h BX, 0+ 

/ ■ / V 

R R BX, 


R 

-I- H : Cl 

/ ■ 

R 


R 

\.. 


0 + 




R H 


-bCl- 


The oxonium ions are quite soluble in concentrated acid solutions, such as 
concentrated hydrochloric and sulfuric acids, and therefore, ethers and alco¬ 
hols are moderately soluble in these acids. Again, water is a stronger base 
than is an ether and can liberate the ether from its salt. 


HOH -h lUOH R,0 -I- H,0+ 

A dilute solution of acid, therefore, will not form the oxonium ion to any 
practical extent (the protons being tied up by water molecules), and the solu¬ 
bilities of ethers in dilute acid solutions and in water are not significantly 
different. 


' L. N. Fergtuon, J. Amtr. Chem. Soc. 77, 5288 (1965). 

' Under rare circumitancee, the oxygen will even ahare ita aecond pair of electrons. For 
inataaoe, the dihydrochloride salt of ethyl ether, m.p. - -88”, ia known: 

r H 

I 

C*-0-C,H, 

I 

H 


2a- 



ETHERS 


299 


Because of this electrou-donor character of ethers, they also dissolve certain 
metal salts, such as RMgX, MgCli, FeCU, etc. The cations of these salts 
accept and share electron pairs and are thereby brought into solution. 

11.4 CHEMICAL PROPERTIES 

Ethers are almost as inert as alkanes to the common laboratory regents. 
For example, they are inert to alkali and cold or dilute acids and to most 
reducing and oxidizing agents, including aqueous permanganate. In the pres¬ 
ence of strong acids ethers are slowly hydrolyzed. This is the result of oxonium 
ion formation, 

R H 

\ / 

0 + 

/ 

R 

in which either the 0—H or an R—0 bond may break. The former is the 
stronger, but at times favorable intermolecular collisions occur to give some 
molecules an extra amount of energy in which an R—0 bond may break. 
In these cases, an R—0—H molecule is left, and the R+ picks up an anion 
(0H~ or X“) from the solution. Hence, ethers are slowly cleaved in acid 
media but not in basic media. The stronger the acid, the more rapid is the 
hydrolysis. When an HX acid is used, the alcohol molecules initially formed 
in the hydrolysis are converted to RX molecules, so that two alkyl halide 
molecules result. 

R—0—R -H 2HX 2RX -|- HOH 

This reaction is used occasionally as a method of characterizing an ether. 
Its applicability depends upon the ease of separating and identifying the 
two RX products. 

11.5 ETHBl AND ANESTHESIA 

Because of the absence of an effective analgesic prior to the middle of the nineteenth 
oentu^, surgery was performed only when absolutely necessary, and then the fully 
conscious patients were usually bound with ropes or held forcibly by assistants to 
prevent their escaping the surgeon's knife. When the operations required freedom 
from struggling, the victims were sometimes drugged with alkaloids or intoxicants, 
sometimes hypnosis was attempted, or cruel methods were used to produce temporary 
loss of consciousness, such as striking a wooden bowl placed on the head, or even 
half-strangulation. 

Joseph Priestly isolated nitrous oxide in 1766 and Bif Humphrey Davy demon- 
stra^ its analgesic effects in 1706. In 1844 an American dentist, Horace Wells, 
administered nitrous oxide while extracting teeth. His first anesthesia trials were suc¬ 
cessful, and he introduced the gas into general dental practice. However, one patient 
awakened prematurely, screaming with pain, and another case was fatal, and Wells 
was forced to withdraw from practice. He beoune embittered, depressed, and finally 
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imm, ^ fommittfd suicide «(the otSS, Ja thkmtM . 

Jwkaon, etheriied himself and penmaded a dentist, wS A&S" ^ 
Morton did and then ^reuaded a surgeon, John Warren, to give a public deiS^nstra-' 
mn of surgery with ether anesthesia. The operation in 1846 was painlessly completed 
and soon general anesthesia was widely adopted for surgical operations. Morton pat¬ 
ented his preparation, but a great “ethVr controversy" arose. 

A Georgia physician, Crawford LtMig. had uscil ether anesthesia in surgery and 
obstetrics several years prior to the Morton-Warren ex))erinient. However, he did not 
publish his obsen^ations nor try to bring ether into general anestliesia until 1848, when 
he gave a report to t)ie Georgia Metiical SrK’iety. Long, Morton, Jacksim, and th(‘ 
descendents of Wells ina/le elaims for the .§100,000 prize offered by the U.S. Congress. 
The controversy continued for years and the anard was never made. Embittered by 
the dispute, Morton died of apoplexy in 1S68 and .larkaon lH*camt‘ insane. 

The development of local anesthesia soon followed. Roller, a mi'dical student in 
Vienna, first denioristnited the practical use of (‘oeaine in 1884, and Hall inlnxlueed 
it into dentistry that same year. However, Novoi'ain has been the standard local 
anesthetic for years. Today ane.sthe.sioIogy is a highly skiliinl profession and of major 


concern in surgery. 

Important factors in anesthesia are depth of uneonseiousncss. speed of action, 
physiological side effects and after effeets and ease of administration. Ethyl ether is 
still the most widely used anesthetic because it i.s eds> to administer and causes 
excellent relaxation of the muscles. If any other agent had been used with the careless 
methods of earlier times, anesthetic mortality wouhl liave been tremendous. Blood 
pressure, pulse rate, and rate of respiration are usually only sliglitly affected. Ether’s 
chief drawbacks an' its irritating eff(*ct on the respiratory passages and its after effect 
of nausea. Nitrous oxide is pleasant to inhale and rapid in its action, and often it is used 
to induce unconsciousness and pave the way for more pob'nt drugs, such as ether. 

Vinyl ether does not have the nau.seous after effect and is a rapid-acting, short-term 
anesthetic. It is favored for the doctor’s home and office use, but must be used with 
caution to prevent too deep a level of unconsciousness. Methyl propyl ether is claimed 
to be less irritating and more potent than ethyl ether. Cyclopropane (CiH*) will 
produce deep anesthesia, and would be about the be.st anesthetic if it were not ex¬ 
plosive and did not require so much skill in its administration. The anesthetic proper¬ 
ties of cyclobutanc are much like tho.se of cyclopropane. Cyclopentane, however, 
elicits unconsciousness with clonic convulsions. Tnfluoroethyl vinyl ether has been 
found suitable for man, but hexafluoroethyl ether induces violent convulsions upon 
inhalation. 

A recent widely used anesthetic is HaMane, CaHBrGlP'i. It is nonflammable, 
nonexplosive^ and causes minimum discomfort to the patient. Although a few cases 
of hVer damage have been attributed to its use, millions of patients have had operations 
under Halothane, and such a safety record is statistically impressive. Only a physician 
can serve as an anesthesiologist. Except in emcrgeiicit^, he studies the patient in 
advance of operations to decide the best anesthetic to use. Before an operation, a 
patient gets a tranquilizer, usually a barbiturate. Later he may get a morphine-type 
drug, and next he may be given atropine to keep mucus from clogging his air passages. 
Finally, in the operating room he is given something to put him to sleep. Alleviation of 
pain is important to the surgeon as well as to the patient, and no other class of drugs 
has contributed more to human welfare than the anesthetics. They have changed the 
operating room from a place of horror to one of tranquility. 

Anesthetics relieve pain by rendering the person unconscious. Narcotic analgesics 
(see Section 24.4) deaden pain by raising the threshold to pain and diminishing the 
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alarm reaction to auBtained pain. The latter is often accompanied by addiction and 
altered mental alertness. Between these two extremes are the nonnarcotic analgesics, 
such as aspirin, which obtund pain by increasing the threshold to pain but act at a 
subcortical level and thereby do not interfere with mental alacrity. The preeminence of 
aspirin in public health is found in the fact that Americans use it in its various dosage 
forms to the extent of 21 tons daily. 

The mechanism of action of anesthetics is unknown. Correlations have been observed 
between anesthetic potency and certain physical properties such as oil/water distri¬ 
bution coefficients, water solubility, vapor pressure, adsorbability, and stability of 
clathrate hydrates. These generalizations have led to various theories about the mode 
of action of anesthetics but correlations do not prove a theory, so that no one knows 
yet how these agents produce the state of unconsciousness. 


11.6 CYCLIC ETHERS 


Certain cyclic ethers are quite common. Dioxane, made industrially by 
dehydrating ethyl alcohol or diethylene glycol or by dimerizmg ethylene 
oxide, is an important solvent because it dissolves most organics and is 
miscible with water. It is used to prepare partially aqueous solutions of 
organic substances. Tetrahydrofuran is a common solvent for metal hydride 
reductions (see Chapter 20). Over 61 million pounds of acrylonitrile are made 
annually for the production of plastics and synthetic rubber. Most of the 
acrylonitrile is made from ethylene oxide. 


0 

H,C^^-^CH, -I-'hCN-»HO—CH jCH,—CN ^ CH,=CH—CN 

Ethylene oxide is also used to make cthaiiolnniine.s and nonionic detergents. 


/ ' 
H,C-CHj 

\ _ 


►HOCHjCHjNH, 

HOCHiCHj 

\ 


/ 


NH 


-► HOCHjCH, 
HOCH.CH 2 

HOCHjCHs-N 

-►HOCHaCHi^ 


Ethanolamine 


Diethanolamine 


Triethanolamine 


Almost a billion pounds of ethylene oxide are consumed annually in the 
automotive, aircraft, plastic, rubber, synthetic detergent, and textUe indus¬ 
tries. 


STUDY EXERCISES 

1. Give two general equations for the preparation of ethers. 

2. How could an impurity of ethyl ether be removed from n-pentane? 
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3. How would one distinguish propyl ether from n-heptanol7 

4. Write equations for the preparation of (a) ethyl cyclopentyl ether, (b) n-propyl 
ether, (c) n-propyl isobutyl ether, (d) anisole. 

6 . How would you prepare methyl cyclopropyl ether? 


TEST QUESTIONS, Set 11 

1 . If ethyl ether were a linear molecule would it have a dipole moment? 

2. Why has hydrogen chloride a very large solubility in ether and in water but 
only a moderate solubility in n-hexane and in carbon tetrachloride? 

3. What n-alkane should boil near the boiling point of n-propyl ether? 

4. Why do Grignard reagents dissolve in ethers but not in alkanes? Could absolute 
ethyl alcohol be used as a solvent for Grignard reagents? 

5 . Predict the relative boiling points of dioxane and 1,4-thioxane. 


CHr-CH, 


/ 

0 


\ 

0 


\ / 


CHr-CH, 


Dioxane 


CH:-CH, 

/ \ 


0 S 


\ / 


CHr-CH, 


1,4-Thioxane 



Three-Hour Examination I 


The student should have an idea of how well he has grasped the material 
on the basis of how many of the Study Exercises and Test Questions he can 
answer without aid of the book. However, he may wish to test his proficiency 
by taking a timed examination on the material. Such a test is therefore pro¬ 
vided here. Not all classes will reach the same point in the book at the end of 
the first semester, but the ethers represent a reasonable stage at which to take 
such an examination. The questions are of the type given in the Test Ques¬ 
tions, but here there is a wider sampling of material than that found in the 
Test Questions. Answers are given at the end of the examination so that tiie 
student may evaluate his own work. 

I. By equations, formulas, or words, show that you know what is meant by the 

following terms: (1) tautomerism, (2) electrophilic substitution, (3) Sn 2 reaction, 
(4) molecular orbital, (5) vulcanization. 25 pts. 

II. In a sentence or two, cite a contribution to organic chemistry made by five of the 

following named persons. If it is for a reaction, the equation for the reaction would 
serve best. (1) Markownikoff, (2) Friedel and Crafts, (3) Diels and Alder, (4) Von 
Baeyer, (5) Kekul4, (6) G. N. Lewis. 20 pts. 

III. Pentalene has defied all attempts to synthesize it, presumably because it is too 

unstable. Its dianion, however, CiHi, forms a fairly stable salt which has been 
isolated. If the dianion is found to have aromatic character, what are two physical 
properties you would predict for it? 10 pts. 







Pentalene 

TV. What weight of crude zinc metal would be required to produce f mole of 
CHi-CHOH-CHOH-CHNHr-CHi from CHi-CO-CO-CHNHr-CH, in 
acid solution if the zinc is only 90 per cent pure (assume that the impurity is inert) 
and if the reaction is only 80 per cent efficient? & - 65.4. 20 pts. 
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V. Starting with Br—(CH 2 )s"-Br, what series of laboratory reactions would you use 

to prepare diaxial 1,2-cyclohexanediol? 20 pts. 

VI. An unknown, optically active compound A, turns aq. ceric ammonium 

nitrate red, gives a red coloration with ale. FeCU, and gives a negative Lucas test. 
When 3.36 g of A are reacted with excess acetic anhydride, it requires 40 ml of 
1 N NaOH to neutralize the liberated acetic acid. Reaction of A with dimethyl 
sulfate in alkali yields B, CnHiaOa, which when oxidized with potassium permanga¬ 
nate yields C, p-anisic acid, CsHa—COOH. 25 pts. 

On the basis of this information, propose a structural formula for A and show how 
you deduced your answer. 

VII. Make the following predictions: 

1. Which would have the higher boiling point, ortho- or mcto-chlorophenol? 

2. W^hich would absorb ultraviolet light at the longer wavelength, p-nitroaniline or 
its hydrochloride salt? 

3. Which compound should ionize to the greater exUmt in sulfuric acid, 

(p-CHaO-C.H 4 ) 3 -*COH or (p-O^N -COH" 

Give the basis for your prediction in each case. 20 pts. 

VIII. Given eight unlabeled bottles, each containing a different one of the following: 

p-bromophenol n-propyl ether 2-methylcyclohexanol 

bromocyciohexane 3-bromo-2-hexene cyclohexene 

1-heptyne 1-methylcyclohexanol 

Using qualitative test tube experiments only, how would you identify the contents 
of each bottle? 25 pts. 

IX. Name one substance in list B which would be chosen for each use listed in 
column A. 


A. Uses 

1. Aerosol bomb propellant 

2. Insecticide 

3. Anesthetic 

4. Antiseptic 

5. Solvent for grease 

6. Inner tube synthetic rubber 


B. Substances 
p-Dichlorol)enzene 
Phenol 
Iodoform 
Methanol 
Methyl bromide 
Buna S 
Vinyl chloride 
Butyl rubber 
1080 

Carbon tetrachloride 
Freon 

Naphthalene 

Cyclopropane 


5 pts. 


X. What is a commercial source of each of the following: (a) methanol, (2) butadiene, 
(3) buna N rubber, (4) toluene, (5) glycerol, (6) phenol. 10 pts. 


TOTAL SCORE 180 POINTS 
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ANSWERS TO THREE-HOUR EXAMINATION I 

I. 1. A-B-C;^A-B-C 

j. ^ 

e-B-. 

0 0 

1! I! 

/ \ / \ 

CH, CH, OCH, 

2. Reaction of an electron-aeeking reagent, e.g., 

C»H. + +NO, (HONO, + H,SO«) CANOi + H+ 

3. Substitution, nucleophilic, bimolecular: 

CH,-CH,C1 + OH- ^ CHr-CH,OH -|- Ch 


H 

o/ '-o 

= i I! 

/ \ / \ 

CH, CH OCH, 


4. The volume around the atomic framework of a molecule within which the 
electrons are most likely to be found. 

5. The process of heating crude rubber with 5-8% of its weight of sulfur for several 
hours to produce a product with increased elasticity and less thermoplasticity. 

II. 1. Proposed generalization regarding the direction of addition of substances to 
C»C bonds; In the absence of oxygen or peroxides, the negative portion of an 
addendum will add to the carbon atom of an alkene to which there is attached 
the fewer number of carbon atoms. 


2. ^H + RX^^R + HX 


3. 


Ri 

0 i 0 

CR, / / \ / 

^ H-C—C H-C CH-C 


H—C 

4 " 


H 


\ 


0 


/ 


\ 

c 

/ 


^ H^C—C CH“^ 

CR, \ \ / \ 

0 C 0 


4. Bond-angle strain theory to account for olehnic character of cyclopropane; the 
use of aq. KMnOi to detect unsaturation. 

5. The concept of the quadrivalence of carbon and multiple bonding between 
carbon, and the Kekul4 structure of the beniene ring; 
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6. The octet theory of electron distributions around atoms, the concept of the 
covalent bond^ and the electronic theory of acids and bases. 

IIL Would expect a planar ion, identical C—C bond lengths around the periphery, 
and n.m.r. proton signals near r « 3.0. 


IV. 364 g. 

V. Br—(CH,)r-Br S HO,C—(CHi)i—CO,H ^ EtO,C-(CH 2 )i—C02Et 

HiO* HiSO. I 

1. OH- 

2. HK)* 

4 > 

H 

-CH HiSOi / LiAlH. ^ 

(CH^II <—(CH^C <-(CH,), j:=0 

\h 


HiOi, AoOH 



VI. A * symmetric center; alcohol, phenol; primary alcohol; 2 OH's. Therefore, 


H 




VII. 1. m-CUorophenol, because it is associated, whereas the ortho isomer forms an 
intramolecular hydrogen bond and is not associated. 

2. p-Nitroaniline, ^ause there is the interaction resonance between the electron* 
releasing NHj group and the electron-withdrawing NOi group: 
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In the Balt, the lone-pair electrons of the NHi group are tied up and the resonance 
above is blocked. The greater the resonance among these dipolar structures, the 
larger is 

3. The methoxy compound, because the methoxy group readily accepts the cationic 
charge; that is, the ion is a resonance hybird of the structures 


OCHi OCHi 



Three equiv. forms involving each 
p-anisyl group 

The nitro group does not accept the positive charge and therefore does not help 
stabilise the ion. 


VIII. 1. FeClt aq. identifies the p-bronlophenol. 

2. Test remaining bottles for the alcohols or for unsaturation, say, the alcohols 
with ceric ammonium nitrate. The two alcohols are then distinguished by the 
Lucas test; l-methylcyclohexanol is a tertiary alcohol and would react in approxi¬ 
mately half a minute. 

3. Test remaining bottles for 1-alkyne with ammoniacal cuprous chloride to get 
precipitate with 1-hexyne. 

4. Test for unsaturation with cold, alkaline permanganate; negative test with the 
bromocyclohexane identifies it. Treat samples of either of the two remaining 
bottles with aq. Ag'*' to get precipitate with the bromo compound which has 
allyl bromide structure. The other sample, then, is cyclohexene. 

5. The ether is the only bottle to give n^ative tests to the classifying reagents, i.e., 
P*Cl8^., Ce'*'*, Cu(NHi)\ and MnOr. 

IX. 1. Freon 4. Iodoform 

2. Naphthalene or p-dichlorobensene 5. CCL 

3. Cyclopropane 6. Butyl rubber 


X. 1. Catalytic hydrogenation of CO 4. Coal tar and aromatisation of 

n-heptane 

2. Cracking process 5. Hydrolysis of fats or synthesis 

from propene 

3. Copolymerisation of CHi>-CH—CH^Hi 6. Coal tar, hydrolysis of chloro- 

plusCH^CH—CN benaene, or oxi^tion of iso- 

propylbensene to cumenehydro- 
peroxide and rearrangement of 
the latter in sulfuric acid 



12 

Aldehydes and Ketones 


The aldehydes and ketones are the first classes of compounds to be taken up 
which contain a carbonyl group^ C=0, in their structures. The aldehydes 
will always have at least one hydrogen atom attached to the carbonyl carbon 
atom and the ketones will have two groups joined to the carbonyl group. 


0 

\ 

C=0 

/ 

H 


R 

\ 

0=0 

/ 

H 


Aldehydes 


R 

\ 

C=0 

/ 

R 


R 

\ 

0=0 

/ 

* 

Ketones 


\ 

0=0 

/ 

0 


12.1 NOMENCLATURE 

Under the Geneva system, the aldehyde class suffix is -d and the carbonyl 
carbon atom is regarded as the first in the chain. For example, the first three 
members of the aldehyde family are methanal, ethanal, and propanal, and 
CH|—CHCl—CHjr-CHO is called S-chlorobutond. Most of the ^ort-chain 
aldehydes also have common names, derived from the names of the corre¬ 
sponding acids. When these trivial names are used, the carbon atoms are 


TASLE 12.1. AUPHATIC ALDEHYDE N0MB4CIATURE 


Structure 

I.U.C. Name 

Common Name 

H-CHO 

Methanal 

Formaldehyde 

CHr-CHO 

Ethanal 

Acetaldehyde 

CHiCHr-CHO 

Propanal 

Propionaldehyde 

CH,CH/:Hr-CHO 

Butanal 

n-Butyraldehyde 

CH,(CH,)r-CHO 

Pentanal 

»-Valeraldehyde 

CH^H-CHO 

1 

2 -Methylpropanal 

a-Methylpropionaldehyde 

CH, 

CHr-CHCl-CHCl-CHO 

2 ,^Dichlorobutanal 

or 

isobutyraldehyde 

a,/^Dichlorobutyraldehyde 


SOB 
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lettered according to letters of the Greek alphabet, beginning with the carbon 
atom attached to the carbonyl group. For illustration, the names of some 
aliphatic aldehydes are given in Table 12.1 according to both systems. The 
The I.U.C. system calls the aldehyde group a formyl group and the C=0 
group of a ketone oxo (commonly called keto). In some complex molecules, 
especially cyclic structures, it is simpler to regard these groups as substituents. 
For example, 


Br 

I 

CHs—CH—C=CH—CH—CHj—C=C—CH, 

I J, II 

(CH,),C CHO H,C CH, 


can be named 2,3-dimethyl-5-formyl-7-t-butyl-8-bromo-2,6-nonadiene. 

Aromatic aldehydes are named as derivatives of the parent hydrocarbon 
aldehydes which have common names. For example, 


CHO 


CHO 



m-ChJorobenzaldehyde 7-Methy 1-1 -naphthaldehyde 


The class suffix for ketones is -one, and since there must be two car¬ 
bon-attached groups joined to the carbonyl group, the smallest ketone is 
CHj—CO—CHj, and is named propanone. The carbon atoms in the chain are 
numbered, starting from the end nearest the carbonyl group. For illustration, 
CHj — CO— CHj —CH(CHa)—CHj is named 4-inethyl-2-pentan<me. When the 
two alkyl groups attached to the carbonyl group have simple names, the 
ketone may be named by naming the groups and adding the word ketone. 
Again, the carbon atoms in these groups are referred to by Greek alphabet 
lettering. Several examples of naming ketones are given in Table 12.2. 


TAILS 12.2. KETONE NOMENCLATURE 

Structure 

I,U,C. Name 

Common Name 

CHr-CO—CH| 

CHr-CQ-CHjCHi 

CHaCHr-CO-CHrCH, 

CHi—CO—CHrfJHjCH, 
(CH,)iCH-CO—CHBrCHjCH, 

CH,BrCHr-CO-CH,CH,Br 

Propanone 

Butanone 

3-Pentanone 

2-Pentanone 

'2-Methyl-4-bromo-3- 

hexanone 

1 p5-Dibromo-3-pentanone 

Methyl ketone, or acetone 
Methyl ethyl ketone 

Ethyl ketone 

Methyl n-propyl ketone 
Isopropyl a-bromopropyl 
ketone 

Bis-I^bromoethyl) ketone 
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0 



2-Methylcyclopentanone 4>Methyl-2-cycIohexenone 

The simple aromatic ketones have common names which are regarded as acyl 
derivatives of a phenone. For example, 


0 0 0 



Acetophenone Beneophenone Butyrophenone 


12.2 PREPARATION 

a. Oxidation of alcohols. Primary alcohols may be oxidized to aldehydes 
and secondary alcohols to ketones. 

R—CH,OH RCHO O.A. - dil. CrjO,-, H,0+ 

R,CHOH ° * R,CO Cu, A 

A common oxidizing agent for these oxidations is dilute potassium dichromate 
in acid solution. Concentrated solutions, or potassium permanganate, will 
tend to carry the oxidation beyond the aldehyde or ketone stages to yield 
carboxylic acids. The alcohols may be dehydrogenated, which is effectively 
an oxidation, by heating them with copper metal. 


R H 

W Cu 

/ \ 

R OH 


R 

\ 

0-0+ H, 

/ 

R 


An effective method for bringing about these oxidations is the Opperunur oxi- 
daiion. In the presence of a specific type of catalyst, alcohols and carbonyl 
compounds undergo a reversible reaction as follows; 


R‘ 

R* H 

R> H R* 

\ 

\ / 

AKOH). \ / \ 

0-0 + 

C 

T=—C + < 

/ 

/ \ 

/ \ / 

R* 

R‘ OH 

R* OH R* 

I 

U 

III IV 


C-0 


( 1 ) 
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where the R’s are numbered merely for reference. In effect, a carbonyl 
compound I is converted to its corresponding alcohol III, and an alcohol II 
is transformed to its corresponding carbonyl compound IV. The reaction is 
reversible, and in order to shift the equilibrium far to the right, one of the 
usual techniques of shifting equilibria may be employed. That is, either the 
molar ra^ of one of the reactants is increased, or a product is removed as it 
is formed P'or the present purpose of oxidizing an alcohol II to the correspond¬ 
ing carbonyl compound IV, acetone is used as the carbonyl compound I in 
equation (1), and a large ratio of I to II is obtained by using acetone as a 
solvent. The catalyst is an aluminum alkoxide, frequently aluminum iso- 
propoxide which is commercially available. In the absence of the catalyst, 
the reaction does not take place. An illustration of this Oppenauer oxidation 
is as follows; 


H OH 


0 



-1- (CH.),CO« 


AI(OR)i 


-1- (CH,)jCHOH 


This reversible reaction may also be used for the preparation of alcohols by 
the reduction of the respective carbonyl compounds. That is, the objective 
in equation (1) may be to convert I to III. Such a reduction is called a 
Meerwein-Pmndorf-Verley reaclion after the persons who contributed most 
to its development. In order to shift the equilibrium far to the right in this 
case, an alcohol II is used whose corresponding carbonyl compound IV is 
low-boiling and may be removed easily from the reaction mature by dis¬ 
tillation. Ethyl or isopropyl alcohols are normally used, for acetaldehyde 
and acetone have low boiling points (22° and 56°, respectively). Of course, 
the reaction is not used for the reduction of the first few simple ketones and 
aldehydes, whose boiling points are also low, because it is a simple matter 
to reduce them vrith the common reducing agents, such as iron in acetic 
acid, sodium amalgam, etc. Hence, the acetaldehyde or acetone products in a 
Meerwein-Ponndorf-Verley reduction will boil at much lower temperatures 
than the carbonyl compound being reduced. An example of the use of this 
reaction is the following: 


(CH,),CHCH,CH,CH,—CHO + (CH,)2CHOH 

(CH,),CHCH,CH,CH,CH,OH + (CH,),CO 

As a generalization, one can say that the Oppenauer oxidation consists of the 
oxidation of alcohols with acetone in the presence of an alummum alkoxide 
catalyst, and the Meerwein-Ponndorf-Verley reduction consists of the reduo- 
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tion of aldefaydee and ketones with ethyl or isopropyl alcohol m the presence 
of an aluminum alkoxide catalyst. 

Another reagent that is quite specific for the oxidation of alcohol groups to 
the corresponding carbonyl compounds is a chromic anhydride-pyridine com¬ 
plex, CrOi:2CtH6N. The advantage of these two oxidizing agents, CrOiin 
pyridine and acetone plus aluminum alkoxide, is that they may be used to 
oxidize selectively an alcohol group in the presence of an olefin group. 



Aryl and allyl carbinols can be oxidized to the corresponding carbonyl com¬ 
pounds in good yields with MnOj or dimethylsulfoxide, (CHj)jSO. Thus, in a 
molecule containing an alkyl and an allyl alcohol group, the allyl alcohol 
group was selectively oxidized to an aldehyde group with AlnOi- 





a-Keto alcohols, i.e., acylotm, R—CHOH—CO—R, can be smoothly oxidized 
to diketones with BiiOi in refluxing acetic acid. 

\ \ 

CHOH ^ 6=0 
/ / 

A black precipitate of bismuth metal is quickly formed. The reaction is spe¬ 
cific for a-keto alcohols, and even glucose gives a negative test. 


b. Aldehydes and ketones from Grignard reagents.* 
' Ketones can be prepared in good yields by the reactions 


then HiO''^ 

RMgX + R'CN-► R—CO—R' 


RLi -I- R'CON(CH,), 


/ 


(Cf. P. T. Izso atkd S. A. Safir, /. Org. Chm., 14,701 (1050). 
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flMgX 

T \)Et R 




H-C-OEt H-C-OEt —► C=0 + 2C,H60H 

\ I " / 

OEt OEt H 

+ 

_ ^ MgXOEt 

EMgX + 

^"^Et R R' 

R'—Cj^Et R'-C-OEt ^ 'C=0 + 2C8HiOH 

OEt (!)Et R" 


It will be recalled that the general formula for an ester is R— 6=0. When two 
OR groups replace the carbonyl oxygen of an ester, giving RC(OR)j, the 
compound is called an orihoesler. Since H—COOR is an alkyl formate, 
H—C( 0 R )3 is called an orlhoformak, and hence, H—C(0CiHi)3 is ethyl 
orthoformate. R'—C(OC 2 H 6)3 is merely a different ethyl orthoester whose 
R' group will determine what ketone will be produced in reaction (3) with a 
Grignard reagent. So, for an aldehyde, a Grignard is reacted with ethyl ortho¬ 
formate and for a ketone, a Grignard is reacted with a suitable orthoester. 
For illustration, isopropyl allyl ketone and tolualdehyde could be prepared 
as follows; 


CH,=CHCH,MgBr + (CH,)jCH-C(OC,H,), 
CH,=CHCHj-C(0CjH,) 2- 
iH(CH,), 


CHi=CHCHjC»0 


CH(CH,). 


HsC- ^ -MgBr — 


HC(OCiHi)i 


r\_. 


c. Aldehydes and ketones from acid chlorides. 

R R 

\ Pd \ 

0-0-h H,™ O-O + HCl 


( 4 ) 
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R 

^CM) + iCdR,' 

c/ 


R 


\. 


R' 


/ 


0-0 + iCdCl, 


(5) 


Reaction (4) is called the Rosenmund redtudion and gives good yields in 
general. For reaction (5), the alkylcadmium is usually prepared by reacting 
cadmium bromide with the corresponding Grignard. 

R'MgBr + JCdBr, JCdR,' + MgBr, 

Secondary and tertiary alkyl halides generally give poor yields. 

There are several methods used for preparing aromatic aldehydes and ke¬ 
tones which are not generally applicable in the aliphatic series. Five will be 
given here. 


1. Oxidation of side-chain alkyl groups 

Cf0l,0-5® . V HlO* 

CHi > 0—CH(OAc)i '■ ^—CHO 


0-CH,R 


I. CiO., AmO. 

J. H«0* 


♦ ^C-R 


0 


Chromium trioxide oxidizes C—H bonds to C—OH bonds, which are rapidly 
esterified to C—OAc bonds. A crystalline diacetate precipitates out of the 
reaction mbcture, which inhibits further oxidation. 

i. Hydrolysis of hemal halides 

^CHCl, -h H,0 ^CHO + 2HC1 

Substituted toluenes can be dihalogenated on the side chain, and the resulting 
benzal halides can be hydrolyzed in acid or mild alkali to the corresponding 
benzaldehydes. This is one of the principal commercial methods of producing 
benzaldehyde. 

8. Sommelel reaction 

0-CH,X -1- (CH,).N4 -» ^CH»-(CH,),N4+X- ^ ^CHO 

Ihis reaction is simple to perform and good yields are generally obtained. 

The chart on page 315 summarizes the methods given here for preparing 
aromatic aldehydes. Notice that a variety of functional groups can be trans¬ 
formed into the formyl group. 
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CrOi. AriO, then HiO^ 


^H,C1 

(CHil<N«. than HiO» 

0 — CHClj 

HlO^ A 

^-CHjOH 

MnOi 

^COX 

H,, Pd 

ih-X 

HC(OC»H»lj. then HiO*^ 



^—CHO 


For hydroxy aldehydes, there is the Reimer-Tiemann reaction, discussed in 
Section 10.6f under the chemical properties of the phenols. 

4 . Reimer-Tiemann reaction 

)H + CHCI, + 3NaOH """ 



Aromatic ketones can be produced by an introduction of an acyl group into 
an aromatic nucleus by the Friedel-Crafts reaction. 

6. Friedel-Crafla reaction 


0 0 



Acetophenone 


Yields are not very high when there are m-orienting groups in the aryl nucleus. 

In industry the aldehydes and ketones are normally produced by the cata¬ 
lytic air oxidation of the respective alcohols. There is one postwar method 
that has been developed, known as the 0X0 reaction. It consists of the 
Addition of carbon monoxide and hydrogen to an alkene, i.e., hydroformylation. 
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R R 

\ / 

C=C + CO + 

r/ \ 


R R 

H.-^^R-i-i-R 

H C—0 


800 " 
200 Aimoi. 


H 


Thus, propylene yields normal and isobutyraldehydes. 

CH, H 


CH, H 


CH, H 

+ H, + CO H—C-C—H -I- H—C-C—H 

/ \ * I I II 

H H C=0 H H C—0 

I I 

H H 

Isobutyr&ldehyde n-Butyraldehyde 


12.3 PHYSICAL PROPERTIES 

The structures of aldehydes and ketones lack OH groups for association 
through hydrogen bonding, and therefore, the compounds have lower boiling 
points (Table 12.3) than their corresponding alcohols. Only the first few mem- 


TAILE 12.3. PHYSICAL CONSTANTS OF SOME ALDEHYDES AND KHONES 



Melting 

Boiling 

Name 

Point 

Point 

Formaldehyde 

-92 

-21 

Acetaldehyde 

-121 

20 

Propionaldehyde 

-81 

49 

n-Butyraldehyde 

-99 

76 

n-Valeraldehyde 

-91 

103 

Crotonaldehyde 

-77 

104 

Benzaldehyde 

-26 

178 

p-Tolualdehyde 


205 

Salicylaldehyde 

2 

197 

Anisaldehyde 

3 

248 

Acetone 

-94 

56 

Methyl ethyl ketone 

-80 

80 

Methyl n-propyl ketone 

-78 

102 

Diethyl ketone 

-41 

101 

Cyclohexanone 


157 

Acetophenone 

21 

202 

Propiophenone 

21 

218 

Benzophenone 

48 

306 


ben are completely water soluble—fonnaldehyde and acetaldehyde of the 
aldehydes, and acetone of the ketones—while methyl ethyl ketone is soluble 
to about 37 per cent. 
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12.4 CHEMICAL PROPERTIES 

Ab discUBsed in Section 7.2, whenever it is imposaible to give a single 
Btructural formula for a compound which is consistent with all the observed 
properties, then chemists propose several logical structures, and regard the 
actual structure to be a weighted mean or composite of all the proposed 
structures. The proposed structures must differ merely by the positions of 
the electrons, and the situation is called resonance. Accordingly, the carbonyl 
group of ketones and aldehydes is believed to be a resonance hybrid of struc¬ 
tures V and VI, plus others shown on page 323; 

O 0- 

II I 

R— CHr-C— R R— CHr-C+ 

\ 

R 

V VI 

where the R’s may be hydrogen atoms or carbon-attached groups. The rela¬ 
tive importance of these structures is about 55 per cent for V to 40 per cent 
for VI. That is, aldehydes and ketones have a certain resemblance in behavior 
to structure VI. Justification for this view comes from the fact that most of the 
chemical properties of aldehydes and ketones can be accounted for in terms of 
structure VI and those shown on page 323. It will be observed that aldehydes 
and ketones undergo many addition reactions to the carbonyl group in which 
basic atoms (electron-pair donors) join the carbonyl carbon atom and acidic 
atoms (electron-pair acceptors) join the oxygen atom. 

Aromatic aldehydes and ketones have the Kekul4 resonance of the rings, 
the carbonyl group resonance, and a small interaction resonance between the 
ring and the carbonyl group: 

—C^ , C—0 , 

R R R 

This makes the aromatic carbonyl compounds a little more stable than the 
aliphatic or alicyclic analogs. 

Unless otherwise stated, the reactions discussed in this section apply to the 
aliphatic, alicyclic and aromatic series. 

a. 1,2-Addition reactions. 

1. Sodium bisulfite: 

R R OH 

/ O \ / 

C—0-|-(:S—ONari C 

/\ 

R 0 R SOiNa 

Sodium bisulfite 
addition compound 
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The addition compound is a vhite, granular salt, and like most salts, if the 
aqueous sodium bisulfite solution used in the reaction is a saturated solution, 
the addition product wjll not dissolve in the saturated solution but erill form 
a precipitate. The reaction, therefore, offers a convenient method of isolating 
aldehydes and methyl ketones or of removing them from a reaction mixture. 
The carbonyl compound may be recovered by decomposing the addition com¬ 
pound in dilute acid. It is to be noted that the reaction consists of an addition 
to the carbonyl group. Only aldehydes and methyl ketones give solid addition 
products because of a phenomenon called steric hindrance. The alkyl j^ups 
of a ketone, other than methyl groups, occupy so much space around the 
carbonyl carbon atom that they block the close approach of the bisulfite ion 
to the carbon atom for bond formation. 

2. Hydrogen cyanide: In the presence of base, hydrogen cyanide adds to 
carbonyl compounds to yield cyanohydrins —compounds containing CN and 
OH groups; 


11 


✓ 

C-0 -I- HCN 


- 

( 

/ 


R CN 

A c3'anoh3^drin 


As will be seen later, the reaction offers a means of lengthening the carbon 
chain by a single carbon atom, because the CN group may be hydrolyzed to 
a COOH or CONHj group or reduced to a CHtNHi group. 

3. Grignard reagents: As stated previously, one of the t3rpical reactions of 
Grignard reagents is to add to a C>-0 group. 


C-0 -1- R'M^ 

/ _ 

R 



It will be recalled that this reaction is used in the preparation of alcohols 
(see Section 10.3). 

In these three addition reactions the relative reactivity of carbonyl com¬ 
pounds decreases in the order H 2 CBO > RCHO > R|CO. This order is due 
to a steric effect in which the characteristic properties of a given class of 
compounds are altered for certain members owing to a spatial barrier about 
the atoms involved. For example, isopropyl ketone and hexametbylacetone, 
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(CHj)iC—CO—G(CH»)», do not undergo any of these carbonyl addition 
reactions except the addition of hydrogen. The alkyl groups of these two 
ketones block the approach of the reagents to the carbonyl carbon atoms and 
thereby prevent addition from taking place. This can be seen more clearly 
by the use of models. Steric hindrance is an effect which will be encountered 
frequently and could be added to the list of differences between ionic and 
covalent substances (see Section 1.2). That is, steric hindrance is common 
among covalent organic reactions but rare among ionic inorganic reactions. 

4 . Avtinca: Primary amines react readily with carbonyl compounds to yield 
Schiff bases. 

R 

-HiO \ 

^ C*=N 

H.O^ / \ 

R R' 

A SchifT bafle 

The reaction proceeds by an addition to the double bond, but the intermediate 
addition compound loses water to give a Schiff base. The reaction is reversible, 
and, in the presence of acid, the carbonyl compound and amine salt may be 
recovered. This is a very useful reaction for the preparation of derivatives of 
aldehydes and ketones. Certain amines are more commonly used, and their 
names and the names of the corresponding Schiff bases are given in Table 12.4. 


TABLE 12.4. THREE COMMON SCHIFF BASES* 


Amine 

Schiff Base 

Hydroxylamine 

HjNOH 

Oxime 

RsC=NOH 

Phenylhydrazine 

KsN-NHCiHj 

Phenylhydrazone 

R,C=N-NHC,H, 

Semicarbazide 

H,N~NHCONH, 

Semicarbazone 

r,C=N-NHCONH, 


* A few others will be added to this list later. 


R 

\/ - 

C-0 NR' 

/ I 

R. H 


R NR' 

\ /^\ 

C H 

/ 

R OH 


This reaction with 2,4-dinitrophenylhydrazine to produce the corresponding 
2,4-dinitrophenylhydrazone (2,4-DNP) is used as a qualitative test for an 
aldehyde or ketone. 2,4-DNP’8, with few exceptions, are very slightly soluble 
in aqueous alcohol, w that the prompt formation of a yellow to red precipitate 
from the reaction jhedium is taken as a positive test. This test is one of the 
best of the functional group chemical tests because essentially all aldehydes 
and ketones give a positive test and rarely will any-other functional group 
give a positive test. . 
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The 0»N bond of BchifI bases is characteiued by an infrared absorption 
band in the 1630-1690 cin~* region. 

6. Hydraiet: We have used the generalization that molecules with two 
OH groups attached to a carbon gives an unstable species and that the mole* 
cule loses water to yield the carbonyl compound: 

R OH R 

^ \=0 -I- H,0 

/ \ / 

R OH R 

Actually there is a reversible equilibrium here which lies far over on the keto 
side. However, electronegative groups in R favor the hydrate side, and in 
water solution the compounds may exist as the hydrates. Such is the case for 
formaldehyde, periluoroketones, and trihaloacetaldehydes, CXj—CHO. 

6. Acetal formation: Aldehydes react reversibly with alcohols to produce 
hemiacetals which react in the presence of acids to yield acetals. 


\+ 

c-o- 

/ ^ 


\ / 

B'OH, 

HCl 

-^ 

\ / 

^ c 

c 

/ \ 

HiO^ 

/ \ 


O' 

/ \ 


R' H 


Hemiacetal 


Acetal 


A hemiacetal is characterized by having an OH and an OR group attached to 
the same carbon atom, and an acetal has two OR groups joined to a single 
carbon. Thus, both compounds contain an ether linkage. Ordinarily the hemi¬ 
acetals are not isolable as is the case with the aldehyde hydrates. The acetals 
can be prepared more conveniently by refluxing the carbonyl compounds with 
ethyl orthoformate. 


OEt 0 

/ . / 

R,O«0 -h HC(OEt), -»RiC -I- H-C 

OEt OEt 


Acetals are easily hydrolyzed to the carbonyl compounds in dilute acid but 
not in basic media. Thus, they offer protection to carbonyl compounds from 
the various base-catalyzed condensations (to be discussed later in this chap¬ 
ter) when some other reaction is to be carried out in a basic medium. For 
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example, one may want to perform a base-catalyzed dehydrohalogenation or 
nucleophilic displacement reaction on a halogenated ketone. In this case, the 
acetal could be prepared, the dehydrohalogenation carried out in base, then 
the carbonyl group regenerated by hydrolysis of the acetal in dilute acid 
solution. 

b. Polymerization of aldehydes. Formaldehyde slowly condenses to a 
trimer and a polymer upon standing. 


0 0 

+/ + / \ 

H,C CH,^H,C CH, 

I 1 

0 0 

\ / 

CHj 

Trioxane 

B.p. - 115°; m.p. - 62° 

Strong acids partially stabilize the ionic form of the aldehyde, and thus 
catalyze the reaction. 


0 0 - 
CHj 


+ - + HiC- 

HjC-O ^ HjC—OH ^ 


0 

CHj 


OH 

/ 

H,C CH, 

I 1 

0 0 

\ / 

CH, 


H 

I 

0 0 + 

/ \ -H* / \ 

H,C CH, H,C CH, 

I I +»* I I 

0 0 0 0 

\fl, 

Trioxane 

n H,C=0 ^ (H,C0). 

Paraformaldehyde 

The reaction is catalyzed in both directions by acid. When the condensation 
product is heated in the presence of a trace of acid and the liberated formalde¬ 
hyde distilled as it is formed, the equilibrium is shifted toward the monomer. 
Thus, trioxane and paraformaldehyde serve as convenient sources of dry 
formaldehyde. 
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Acetaldehyde alao coDdenses to a definite product, called paraldekyde. 


\+ - HiO* / \ 

3 C-0?=iCHr-C-H H-C-CH, 

/ I I 

H 0 0 

\ H / 


CH, 

Paraldehyde 
B.p. - 124° 

Paraldehyde is commercially available and serves as a source of pure acetalde¬ 
hyde. These condensation products are sparingly soluble in water and show 
no characteristic aldehyde reactions. Higher aldehydes polymerize to a small 
extent, but do not yield definite isolable products. 


c. Cannizzaro reaction. The Cannizzaro reaction consists of the transfer 
of a hydride ion from one carbonyl group to another. 

/-OH- H OH H 

/ 111 

R_c=0 -h R-C=0 -»R-C=0 + R-C-OH 


The reaction is promoted by a nucleophilic attack of hydroxide ion on the 
first carbonyl group and aided by a withdrawal of the hydride ion by the 
electrophilic carbonyl carbon of the second aldehyde. Evidence for this mech¬ 
anism of the reaction is found in the use of a deuteroaldehyde; 


C+-0- 


<l> —C'*'—0“ 
D 


^ OH 


i-o- 


OH 


OH 

A 


Hence, the alcohol is found to contain two deuterium atoms, one being the 
initial aldehydic deuterium and the second by transfer from the other aldehyde 
molecule. The reaction can be expressed by the following equation, in wtuoh 
it can be seen that one molecule of aldehyde is oxidized to the acid level and 
one is reduced to the alcohol level: 
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2RCHO + OH-co«. ^ RCO,- + RCH,OH 

The Cannizsaro reaction is only used with aldehydes lacking an alpha hydro¬ 
gen atom, for otherwise, a faster reaction would take place, such as described 
in the next section. 


d. Base-catalyzed condensations. The keto-enol equilibrium of simple 
aldehydes and ketones, 

RCH,—C=0 -RCH=C—OH 

I I 

R R 

lies far to the left; but since the enol is the stronger acid, the presence of base 
shifts the equilibrium to the right through neutralization, 

R-CH=C~OH i rR-CH=C-0-, R-CH-C=0'1 + HB+ 

I I I 

R L R R J 

VII VIII 

where B is a base. The enolate ion is a resonance hybrid of the two structures 
VII and VIII, which gives the a-carbon atom a partial anionic character. It 
thereby may react with the cationic carbonyl carbon atom of another molecule. 

Accordingly, several classes of compounds with a CH group alpha to a 
C=0 or NOj group (esters Section 15.5; nitroalkanes Section 16.4) condense 
with aldehydes and ketones in the presence of a base, including aldehydes and 
ketones themselves. One such reaction is the aldol condensation: 


■olvent) 

R—CH,—C+—0- 
R-(CH—C=0 


B 


1 I 

H R 

J 


R 

R—CH,—C—OH 

I 

R—CH—C=0 

I 

R 

An aldol 


Observe that it is the a-carbon of one molecule adding to the carbonyl carbon 
of the other molecule. In concentrated alkali, or upon heating the dilute 
alkaline solution, the aldol loses a molecule of water. 


R 


R—CH,—i 
R—i 


I— OH 
H—C=>-0 ^ 


R 

R—CH,—d; 


R—C—C=0 


+ H,0 


U 


R 
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In these straetures, any one or all of the R’s may be hydrogen atoms. Since 
the product still has a caibonyl group in it, more of the original ketone or 
aldehyde may add as it did initially. 


R-CH, 


R 

•f—d/ R 


R—CH 


R 

r-d) R 


II 1+ - 

R—C-^C-0 


( 

R-^H—0=0 

^1 I 

H R 


OH- 


R 


II i 

,_C-C-( 


-OH 

R-CH—C—0 

I 

R 


Thus, this reaction can occur over and over to give a resin with large molecular 
weight. Although it is a slow reaction, chemists still avoid prolonged contact 
of aldehydes and ketones with alkali, to prevent loss of material through 
this reaction. This aldol condensation cannot take place if there are no hydro¬ 
gen atoms on the o-carbon atom. Instead, the Cannizzaro reaction takes 
place. 

Aldols serve as easy sources of 1,3-glycols, because the carbonyl group can 
easily be reduced to an alcohol group. For illustration, 2-methyl-l ,3-pentane- 
diol could be prepared from propionaldehyde; 


0 
+ 1 

H,C-CHr-C-H 

H,C^H—C—0 


OH H 

^ H,c-CHr-d:H-cH-d;=o 


B 


H H 


CH, 

Zd, AoOH 


OH 


OH 


H,G-CHr-CH—CH—CH, 
CH, 


The glycols could then be dehydrated to various types of dienes. 

Perkin reaction: 

^HO + (CH,C0),0 ^H=CH—COOH 

A 

Base AcONa or R,N 

In the presence of a mild base and at elevated temperatures (ca. 150”), the 
anhydride undergoes an aldol-type condensation with aldehydes to yield 
a,/3-unBaturated acids. 
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♦-C+ 

\ 


'^Hr-ii-OCOCH, 


C—CHj 

in 


0 


COCH, 


(-HeO) bydrolyiii 


B' «-CH-CH-COOH + CH,COOH 

The reaction can be used with other active methylene groups as well: 


A-C+- + ^H-COOH ^H—CH-COOH 

^ I ‘II 

0- OH 

a|-Hi0.C0i 

e. Halogenation. Aldehydes and ketones readily undergo polar halogena- 
tion at the a-carbon atoms; 

R—CHr-C->0 + X, R—CH—C=0 + HX 


In the presence of peroxides, a free radical halogenation can occur any place 
in the chain (Section 2.7d), but under polar conditions, the halogenation is 
limited to the a-carbons wherein the reaction takes place by addition to the 
enol form of the carbonyl compound. 

0 OH OH 0 

R—CH,—iS—R R—CH—(!j-R ^ R—CH—C—R ^ R—CH—1!—R 


Cupric halide salts serve as useful halogenating agents, because unsaturated 
carbonyl compounds can be halogenated without affecting the olefin bond and 
phenols can be monohalogenated. 


oe-Halocarbonyl compounds are usually lachrymators, and for years the stand¬ 
ard laohrymator in tear gas was a-chloroacetophenone, CiHfCOCHiCl. More 
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thftD one alpha hydrogen may be replaced, and in fact, the reaction m>eeda up 
aB o-hydrogens are progreasively substituted by halogens. 

R-C-O + 3X, R-O-0 + 3HX 

I I 

CH, CX, 


In alkali, the —CXi group is easily cleaved off to yield a haloform: 


OH* 

R_C=0 + HOH ^ 
I r 



R_C-0 + HCX, 

I 

0 - 


This reaction forms the basis of a method for the qualitative detection of 
methyl ketones. Iodine is employed for the test, in which case iodoform is 
produced. Iodoform is a pale yellow solid (white, when in a fine crystalline 
form) and its formation is readily recognized. It will be recalled that in 
aqueous alkali, the halogens, except fluorine, exist as halide plus hypohalite 
ions. 

X, + 2(0H-) -»X- + OX- + H,0 


The hypohalite ions are halogenating agents as well as being mild oxidizing 
agents. So, when a sample is warmed with an aqueous, alkaline solution of 
iodine, the appearance of iodoform is taken as an indication of a methyl 
ketone, or a substance transformable into a methyl ketone under these condi¬ 
tions.* For instance, acetaldehyde, methylcarbinols, and the corresponding 
halides give positive iodoform tests, because under the conditions of the 
reaction, the alkyl halides hydrolyze to the respective methylcarbinols, and 
the latter are oxidized by the hypoiodite ion to a methyl ketone which then 
yields iodoform. 


R—CH—CH, ^ R—CH—CH, ^ R—C—CH, R—C—0 + HCI, 


OH 


0 


i- 


The reaction is almost quantitative and can be used as a method of converting 
a methyl ketone to a carboxylic acid of one fewer carbon atoms. 


R 

\ 

C“0 


Xi. 0H-; 
UmdHiO* 


R 


HO 


\ 

C 

/ 


C—0 


•Other compounds, such as R—CHNHs—CHj, will give a positive teat (cf. B. T. GiUis> 
J. Org. Chem.j U, 1027 (1959)> The iodoform test is negative for compounds such as 
CHjCO—CH iCOiR, CHiCO—CHiNOg, and CH,C0—CHgCN, in which the acyl group is 
ewily cleaved by the reagent to acetic acid, and the latter compound resists polyhalogena- 
tion. For a diacussion of the mechanism of the haloform reaction, see R. N. Seetye and 
T. A. Turney, Chem^ Educ., 86 , 672 (1969). 
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The carbonyl oxygen atom of aldehydes and ketones may be replaced by 
two halogen atoms through reaction with FCU. 

R*c-o + pa Rica + pocu 

The pem-dihalides may serve for the preparation of alkynes upon treatment 
with KOH. 1 ,. or NaNH, 

R-CH,-CC1,-R R-OC—R 

R-CHr-CHCl, — R-C=C-H 

f. Ketenes. Ketenes are unsaturated ketones in which the carbonyl carbon 
also forms the olehnic bond, R]C=C=0. They can be prepared by the 
dehydrohalogenation of acid chlorides: 

R,C—C=0 ^ R,C=C=0 

I i " 

H Cl 

The first member, ketene, can also be made through the pyrolysis of acetone. 

anno 

CHr-CO—CH, —► CH,=C=0 

A 

Ketenes are extremely reactive and polymerize or add compounds containing 
an active hydrogen atom very rapidly. 


+ H—OH 

“♦ H—C^^ 

an acid 


1 1 



H OH 


+ H-NH, 

-*R-CHr-0-0 

an amide 


j 

NH, 


+ H-OR' 

-»R-CHr-C-0 

1 

an ester 


OR' 


+ H-0C-0 

—* R—CHir—C“0 

an anhydride 


R'-i-O 


This last reaction is used for the commercial production of acetic anhydride 
from ketene (from acetone) and acetic acid. 
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g. Beckmann rearrancement 


^ ^ 


N 


\ 


pHO—C— 

11 

N 


OH L 


\ 




1 

N 

/ \ 

H 4 


A-PCU, H,S04, or ^0,CI 


Ketoximes rearrange to give substituted amides when heated in the presence 
of one of the given catalysts. It has been established that the rearrangement 
involve the group which is Irons* to the OH (in the above equation, ^ and OH 
exchanged places), and this fact is sometimes used to determine the stereo 
structure of an oxime. The reaction is used also as a means of cleaving ketones 
or of opening a ring through the series of reactions: 


_ , HiNOH ^ 

^ ■■ ^ 


0 


N~OH 


^'_c- NH« «'COOH + ^NH, 

" 11 

0 



HCU-. 
-> 


HO N 

\ / 

C 

/ CH, 

H,C-CH 1 

\ CH, 

CH, 

\ 

CH, 


1 


0 

NH, 

C- 

—N 

\ 

1 

/ 

\ 

C—OH 

CH,^ 

H,C-CH 

CH, 

X 

1 

1 

1 

H,C-CH 

CH, 

CH, 

CH, 


CHr-CH,"^ \ / 

CH, 


Aldoximes may undergo the rearrangement, but they tend to give considerable 
amounts of dehydration products. 


h. Redaction and oxidation of aldehydes and ketones. Aldehydes and ke¬ 
tones are very easily reduced to the corresponding alcohols. 

* With oximM, the terms syn- and anti- are und instead of eis- and (nms-, 
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R.A. * Hi -f* cftt. 

NaHg 
Fe in AcOH 
LiAlHi 

Meerwein-Foimdorf- 
Verley reduction 

The reduction of aldehydes or ketones all the way to hydrocarbons can 
also be done. 

R R 

\h, 

/ / 

R R 


R.A. ZnHg, + HCl 

H|N-NH, + OR- 
Hi + cat. 


R R H 

V 

/ / \ 

R R OH 


The use of amalgamated zinc in hydrochloric acid, known as the Clemmenten 
reaction, has found wide application. The Wolff-Kiahner method employs 
hydrazine with a sodium ethoxide catalyst at 180* and is used, usually, when 
the Clemmensen reaction cannot be tued. Such instances would be when the 
carbonyl compounds are unstable in acids. 

With mild reducing agents, such as magnesium amalgam, ketones (rarely 
aldehydes) undergo a reduction and condensation to yield pinacols, i.e., 1,2- 
glycols. 


RiO-0 RiC—0 RiC—OH 

-t-MgHg Mg-i-^ +Mg(OH), 

R*C-0 RiC—O"^ RiC—OH 


The molecular rearrangement of pinacols to pinacolones when heated in dilute 
acid was pointed out in Section 10.8. 


Aldehydes are more easily oxidized than ketones, and mild oxidizing agents 
such as cupric and silver ions are sufficiently strong in alkaline media to oxi¬ 
dize the aldehydes selectively. Since these ions would immediately precipitate 
as the hydroxides or oxides in alkaline solution, th^ are used in the form of 
mluble complexes. Tollens’ reagent is an ammoniacal solution of silver nitrate 
in which the silver ion exists as the ammonia complex. This will oxidise alde¬ 
hydes to the corresponding carboxylic acids. 

RCHO + 2Ag(NH,),+ -|- SOH" -► RCO»- -I- 2Ag + 4NH, -1- 2H,0 
The metallic silver forms as a black colloidal precipitate or as a shiny mirror 
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coating on the glass vails of the vessel. Tollens' reagent will not oxidise 
ketones and if kq>t cold, will not oxidise alcohols. Fehling’s solution is a 
tartaric acid complex of cupric ion. 

COr 

o-Ah 

/ 

Cu 

\ 

O-CH 

ior 

It is not as strong an oxidising agent as Tollens’ reagent and must be heated 
to bring about the oxidation of aldehydes to the respective acids. 

ECHO + 2Cu++ + 50H- — RCOr + 3H,0 + Cu,0 


The cuprous oxide appears as a yellow to red precipitate. Other complexes of 
copper are used too; for example, the citric acid complex is used in Benedict’s 
solution, and the ethylenediaminetetraacetic acid (page 475) complex has been 
used. The oxidation potential of the copper in Benedict’s solution is just the 
right value to oxidize aliphatic aldehydes but not aromatic aldehydes. ’Thus, 
it can be used generally to distinguish the two types of aldehydes. 

The oxidation of ketones involves the cleavage of the carbon bonds to the 
carbonyl group to yield two possible acids each with fewer carbon atoms, 


0 


\ ^ 

X X 

R'CH, y CH,R 


oonc. 

CfiOt“ 


A 


* R'COOH + HO,C-CH,R 

♦ R'CHiCOOH + HO,C-R 


or, in the case of an alicyclic ketone, ring op)ening occurs: 



( 1 ) 

( 2 ) 


CH, 


HO,C—CH*-CHr-CH—CHr-COOH 
+ CH, 


HO,C—CHr-CHr-CHr-iH—COOH 


Auto-oxidation; Upon standing in open bottles or frequently opened bottles, 
many aromatic aldehydes slowly change to the corresponding benzoic acids. 
Since there is no apparent chemical oxidizing agent, this has been called auto- 
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oxidation (self'Oxidation). Howeveri oxygen of the air is really the (Modiiing 
agoit. 

0 

CHO + Oi ^ ^—0—0 H Perbensoic acid 

0 

0-1!—O-OH + 0—CHO 20—COOH 

Oxygen converts benzaldehyde to perbensoic acid, which then oxidises a sec¬ 
ond molecule of benzaldehyde to benzoic acid. The net change, then, is for two 
moles of benzaldehyde in air to give two moles of benzoic acid. If there is 
some other substance present, the perbensoic acid may oxidize it instead of 
a benzaldehyde molecule. This is actually used as a preparative method of 
making glycols from olefins. 

As can be expected, the aromatic aldehydes and ketones undergo some 
reactions attributable to the presence of an aromatic nucleus; 

Side-chain halogenalion: 

0—C—0-1-X,0-C-O + HX 

I A I 


Beruoin condeneation: Aldehydes condense to form benzoins in the presence 
of cyanide ion, which is one of the rare catalysts for this reaction. 


.:CN- C«N 


C—N 


CbN 


-0 ^ -0” ^ 0 (li OH ^ ([r— 

H H W ^ *—0—0" 

■ " ^ i 

0 OH IT 

Benioiii 


The effectiveness of cyanide ion is due to its ease of addition to the carbonyl 
group of I, its electron-withdrawing power in II to promote expulsion of a 
proton in II to give III, and its leaving power in IV. 
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UAlHi 


R-C-O 

I 

H 


dil. CriOi' 
Cli. hr 


1R-CH,0H 

♦R-COCl 


HkPd 

PCU 


HiO«, A 
HCN 


IR-CHCU 

IRCHOH-CN 


A. OH' 
R'MgX 


♦RCHOMgX 

R' 


R'OH, HCl 


HdJ* 


♦RCHOH 

I 

OR' 


HC(OC,Hi)i 


HiO» 

NiHSOi 


HiO* 


R'NHt 


; RCH(OC^»)l 
: RCHOH 

I 

SO,Na 
RCH—NR' 


HiO* 
Zn. Ha 


RCH, 


R-COr 

Fig. 12.1. Charoctarittic reaction chart for aldehydes. 


12.5 USES OF ALDEHYDES AND KETONES 

Fonnaldehyde ie a powerful germicide and antiseptic, and finds wide appli* 
cation in disinfecting, sterilizing, and embalming processes. It is used in Large 
amounts for the production of certain plastics like Bakelite. Acetone is used 
extensively as a solvent, because it is completely miscible with water and 
dissolves many organic compounds. Methyl ethyl ketone is used by the paint 
industry as a solvent for lacquers. The high*moleculaivweight aldehydes and 
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ketones usually have pleasant odors at low concentrations, and are used 
in perfumes. 

STUDY EXERCISES 

1. Give three general equations Cor the preparation of aliphatic aldehydes or 
ketones. 

2. Indicate reactions one would use to prepare (a) n-propyl ketone and (b) hexanal. 

3. Write balanced equations for the following reactions: 

(a) CH.CHa-€0-CH, + C^HsMgBr 
CH,CH2-C0-CH, + HCN 
CH,CHr^O~CHa + HjNOH 

(b) Heptanal + phenylhydrazine -♦ 

(c) The formation of the semicarbazone of ethyl ketone. 

4. Write structural formulas for (a) 3-methyl-4-heptanone, (b) bi8-(a-bromo- 
propyl) ketone, (c) /3-methylvaleraldehyde. 

5. How would one reduce (CHOjCH—CH=CH—CHO to the corresponding alco¬ 
hol and (CH,CH,CH,),CO to (CH.CHaCHOa—COH-COH^CCHzCHaCH.),? 

6. How would one oxidize CH3CH=<!HCH20H to CHjCH=CHCHO? 

7. Illustrate by equations: (a) the aldol condensation of butyraldehyde, (b) the 
reaction of trimethylacetaldehyde in cone, alkali, (c) the addition of sodium bisulfite 
to 7 -methylvaleraldehyde. 

8. Write a balanced equation for the oxidation of hexanal with Tollens’ reagent. 

9. How could acetaldehyde be used as a source of compounds with a four-carbon 
chain? 

10. Give equations for the following: 

(a) The preparation of p-chlorobenzaldehyde from the respective toluene, 
benzyl alcohol, benzal chloride, and benzyl bromide. 

(b) The Perkin reaction. 

(c) The benzoin condensation. 

(d) The Cannizzaro reaction. 

(e) The Beckmann rearrangement. 

(f) The preparation of acetophenone from benzene with acetyl chloride, or with 
acetic anhydride. 

(g) The reaction of acetophenone with hydrogen cyanide, hydroxylamine, and 
with phenylhydrazine. 

11. Give structural formulas for the compounds in the following reactions; 

COtK-CHr-C(CH,).-CO.Et:5^!!^^ 0,01*0. + 2CO, 

Nft, iwlenfl, 

IhenHiO* 

C„H„ C„H*0 ~ C,oH,A 

A NkOEt, 180° 

12. Give a laboratoiy Bynthesis of C|H|CH«=CHCHs starting with benzyl bromide. 

TEST QUESTIONS, Set 12 

1. Five unlabeled liquids are known to be ethyl bromide, ethyl ether, n-hexane, 
butyraldehyde, and acetone. How could one proce^ to label each? 
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2. How could the following be dietinguished by qunlitntive teet>tube experiinenta: 
(a) heptanal from n-heptanol, (b) hexanal from 2 -hexanone, (c) B-hexanol from 
3-iiexanol, (d) acetone from 2-peDtanone, (e) 2-bromohexane from n>hexyl bromide? 

3 . Two grams of a mixture of butyraldehyde and ethyl ketone produced 5.4 g of 
silver metal when treated with excess Tollens’ reagent. What was the percentage of 
butyraldehyde in the mixture? 

4 . Write bidanced equations for (a) the oxidation of hexanal to hexanoic acid 
(CiHiiCOOH) vdth potassium permanganate in alkaline solution and (b) the oxidation 
of 2 -hexanol to 2 -hexanone with potassium dichromate in acid solution. 

5. An unknown compound of carbon, hydrogen, and oxygen contains 69.77% 
carbon and 11.63% hydrogen, and has a molecular weight of 86 . It does not reduce 
Fehling’s soluticm, but forms a bisulfite addition compound and gives a positive 
iodoform test. Wliat is a possible structure of the unknown compound? 

6 . A compound Y containing C, H, and 0 was subjected to quantitative analysis. 
A sample weighing 0.195 g gave 0.429 g COt and 0.234 g HiO. When 10 g of Y was 
treated with sodium metal, 1867 ml of Hi (BTP) were liberated. The compound Y 
is neutral to litmus paper and is unaffected by Fehling's solution. Oxidation of Y by ^ 
mole equivalent of KsCriOT gave a compound which reduced ammoniacal silver nitrate. 
What is the probable formula of Y? 

7. How could one distinguish methyl from ethyl alcohol qualitatively? 

8 . Without using fractional distillation, other than the separation from ethyl ether 
or water, how would one separate and isolate the components in the following mixtures: 

(a) acetone, hexanal, and heptane; (b) 2,4-dimethyI-3-heptanone, heptanal, and ethyl¬ 
ene glycol? 

9. What weight of the phenylhydrasone could be produced from 17.2 g of 3- 
pentanone if the yield is 92%? 

10. What weight of each organic substance would be required to make 17.2 g of 
a-methylbutyraldehyde, starting with 2 -bromobutane and any desired chemicals? 

11 . A one-gram sample of crude butyraldehyde was treated with Fehling’s solution 
and 0.716 g of cuprous oxide was precipitated. What was the per cent purity of the 
aldehyde? 

12. What series of reactions would one use to convert n-butanal to (a) sec-butanol, 

(b) 2-butanone, (c) propionic acid, CHiCHiCOOH? 

13. What series of reactions could one use (a) to prepare 4-methyl-2-pentyne from 
isovaleraldehyde; (b) to convert 3-methyl-2-pentu)one to o-methylbutyric acid, 
CH,CH,CH(CH.)COOH? 

14. Indicate the series of laboratory reactions one could use to transform p-CHiCH» 
CH-Cai,-CHO into p-CH,CH-CH-Cjl 4 -COOH. 

15. What weight of CrOi is required to prepare p-bromobensaldehyde from 17.1 g 
of p-bromotoluene if a 10 % excess of the oxidizing agent is to be used? 

Cr - 52; Br - 80 

16. Explain the fact that a certain substance is stable in air, but when mixed with 
bensaldehyde it is oxidized in air? 

17. How could one separate and isolate the components from the following mixtures 
without using fractional distillation other than the separation from ether? 

(a) Bensaldehyde, nitrobenzene, and benzoic acid. 

(b) Salicylaldehyde, p-nitrophenol, p-bromobenzaldehyde, p-tolyl ethyl ketone, 
and Ar.AF-dimethylaniline. 
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18. WluA Weight of MnOi would be requiied to oxidiie 92 g of toluene to bensalde* 
hyde in nilfuiic acid if the MnOi is only 97% pure? Mn > 55. 

19- Using the aldol condensation as a fint step, indicate the series of laboratory 
reactions you would use to prepare the following: (a) 1-butanol; (b) cinnamaldehyde, 
CH—CHO; (c) 2-formylcycIopentanol; (d) 2-propenylcyclohexene; (e) croton- 
aldehyde, CHr—CH—CH—CHO; (f) pentaerythritol, C(CH^H) 4 ; (g) 4-methyl-2- 
pentanol; (h) C4I,-C(OC,H,)r-CH-CH-CH,. 

20. Which should have the higher enol content, 2,4-hexanedione or 2,5*hexanedione7 
On what basis do you give your answer? 

21. What series of reactions would you use to convert cyclohexanone into 

CB, 


CH| 

22. Offer an explanation for the fact that cyclopropanone exists as the hydrate in 
water solution. 

23. The infrared ro-o and t>o-a frequencies for benzoylacetone, C|HtCOCH|COCHi, 
are 1603 and 2640 cm~*, respectively. How do you account for such low values? 

24. In the dehydrobromination of 2-bromo-l,10-cycloheptadecadione, I, two un¬ 
saturated diketones A and B were isolated. Product A, a light yellow oil, had the 
following spectral properties. UV: X. » 227 mp; e 13,800; IR: v •- 1714,1670,1624, 
087 cin~‘; n.m.r.: r a doublet and a sextet in the vinyl proton range. Product B, a 
colorless oil, had the following spectral properties. UV : no selective absorption down 
to 200 mp; IR: » » 1718, 971 cm~*. Assign structures to A and B from II and III and 
account for the spectral data in terms of the assigned structures. 




25. Assign the following spectroscopic data to the structural features of each com¬ 
pound responaible for the specific values: 



R S T V 

* •» 1720 cm~‘ y ■ 1080 om“‘ r ■ 3570 oin“* v - 1770 cm“‘ 

X, - 224 nui 3470 1700 

c 10,000 1715 1655 
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2H 

2B. Diviny I cvbinol wu treated with MnOi in dry CHClt in an air^ree atmoephere, 
and the mixture was fractionally distilled in the preeenee of a trace of hydroquinone 
to give a fraction A with the following properties: Anal.: C, 73.10; H, 7.39. Fraction 
A gives a 2,4HlinitrophenylhydrMQne. IR: 3050,1672,1620 cm~'. ^pose a structure 
for A based on the above information. 

27. Offer an explanation for the observation that cyclohexanone readily forms a 
sodium bisulfite addition compound whereas diethyl ketone does not. 

28. (See Section 21.1 for functional group almrption bands.) A compound S, 
CiHaO, has IR absorption bands at 1630, 1680, 2935, and 3075 cm"'. Propose a 
structure for S on the basis of these data. Later, it was found that S forms a sodium 
bisulfite addition compound and reduces ToUens’ reagent. Give a probable structure 
forS. 




Carboxylic Acids 


Monocarboxylic acids are those compounds with a single COOH group, 
usually designated by the formula R—COOH or ^—COOH. Inasmuch as 
several familiar members of the aliphatic series are obtained from fats, the 
RCOOH compounds are referred to as the fatty acids. 

13.1 NOMENCLATURE 

The l.U.C. system of naming the aliphatic carboxylic acids replaces the 
-€ of -one with -ok. For example, the first five acids have the names methanoic, 
ethanoic, propanoic, butanoic, and pentanoic acids. Again, the numbering 
starts with the carboxyl carbon atom. On the other hand, many of the acids 
have trivial names in which the carbon atoms are designated according to 
the Greek alphabet, beginning with the carbon atom adjacent to the carboxyl 
group. Several illustrations are given for both systems in Table 13.1. 

TASLE 13.1. ALIPHATIC CARIOXYUC AOD NOMENCLATURE 


(The word add has been omitted in all cases for brevity) 


Structure 

l.U.C. Name 

Common Name 

H~ COOH. 

Methanoic 

Formic 

CCl,-COOH. 

Trichloroethanoic 

Tricliloroacetic 

CH,-CHBr-COOH. 

2-Bromopropanoic 

a-Bromopropionic 

CHrf)H,CHiCOOH. 

Butanoic 

n-Butyric 

CHr-CH(CH,)-COOH. 

2-Methylpropanoic 

a-Methylpropionic 
or isobutvric 

CH,CH^H,CH,COOH. 

CHr-CH«CH-COOH. 

Pentanoic 

Valeric 

2-Butenoic 

Crotonic 

CH,(CH,)4C00H. 

Hexanoic 

Caproic 

CH,(CH,),COOH. 

Octanoic 

Caprylic 

CH,(CH,),COOH. 

Decanoic 

Capric 

CH,(CH,),»COOH. 

Dodecanoic 

Laurie 

CH,(CH,),rfXK)H . 

Tetradecanoic 

Myristic 

CH,{CH,),4C00H. 

Hexadecanoic 

Palmitic 

CH,(CHi)„COOH.... 

Octadecanoic 

Stearic 
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4-ChlorocyclohexAQa 
carboxylic acid 

As with the aldehydes and ketones, it is sometimes simpler to regard the 
carboxyl group as a substituent, in which case it is called carboxyl. For 
illustration, 

COOH 

1 

CH,—CH=C—C—0=CH—CH, 

1 I i 

H,C H CH(CH,), 

could be named 3-isopropyl-4-carboxyl-5-methyl-2,5-heptadiene. The aro¬ 
matic acids are named as derivatives of the parent acid, which usually has a 
trival name. Several examples are given below for illustration. 


COOH 



NO, 

p-Nitrobenzoic acid 



^-MethyMZ-naphthoic acid 


COOH CO 2 H 



m-Toluic acid Salicylic acid 

13.2 PREPARATION OF MONOCARBOXYLIC ACIDS 

Again, unless otherwise indicated, the reactions taken up here apply to 
aliphatic and aromatic systems. 


a. Oxidation of primary alcohols or aldehydes. It will be recalled that the 
successive oxidation stages of primary alcohols are alcohol, aldehyde, acid. 

R-CH,OH R-CHO ^ R-COOH 

Aldiough aldehydes are at a higher oxidation level than alcohols, they are 
more ea^y oxidized than alcohols, so that ease of oxidation is not directly 
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related to oxidation level. Acids are extremely hard to oxidize and are inert 
to all but extremely powerful oxidizing agents. Therefore, the usual chemical 
oxidizing agents, such as potassium dichromate or permanganate, Will serve 
to oxidize primary alcohols or aldehydes to carboxylic acids in good yields. 
Of course, the oxidation of ketones, unsaturated hydrocarbons, and other 
types of compounds will yield acids, too, but usually mixed or unpredictable 
products are obtained. For this reason attention is focused upon the oxidation 
of primary alcohols or aldehydes where the carbon skeleton remains the same 
during oxidation. 

It was pointed out in Section 8.2 that vigorous oxidation of any carbon- 
attached side-chain to an aromatic ring converts the group into a COOH 
group. 



Normally, alkaline permanganate, acid dichromate, or dilute nitric acid is 
used as the oxidant. 

b. Hydrolysis of alkyl cyanides. Except in rare cases, hydrolyses are always 
catalyzed by acid or base.. In most cases, one or the other is to be preferred, 
and sometimes only one will work, as in the acid hydrolysis of ethers or 
acetals. Organic cyanides (see Section 16.3c), also called nitriles, can be hydro¬ 
lyzed in acid or base. 

R—CN + 2H,0 — ” R—COOH + NH, 

It is to be realized that acid hydrolysis yields the organic acid and an am¬ 
monium salt (RCOOH + whereas basic hydrolysis yields the salt of 

the organic acid plus ammonia (RCOr + NHj). 

c. Cacbonation of a Grignard. In typical fashion, Grignard reagents add 
to carbon dioxide as they do to other C«=0 bonds. 

0—C—R—C—0 —► R—COOH + MgXOH 

OMgX 

The addition product is easily hydrolyzed to the acid, and the two successive 
steps are carried out in the same reaction vessel. 

These latter two methods of preparing carboxylic acids provide routes for 
changing an alkyl halide to a carboxylic acid, i.e., for replacing X in R—X 
by COOH. 
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R-X- 



RCN 

RMgX 


——• R-COOH 

COi, tbwk HiO I 


Both routes give good yields in general, and the selection of either b usually 
based upon the nature of R. That b, if R has a group present that would 
react with a Grignard, for example OH, then the nitrile route would be chosen. 

The use of Grignards for replacing a halogen atom by several important 
groups can now be summarized as follows: 


COi, then 



^COOH 

^-CHO 


c. Hydrolysis of benzotrichloiides. One more useful preparative reaction 
in the aromatic series is the hydrolysb of benzotrichlorides: 

^CCl, + 2H,0 ^-COOH + 3HC1 

The benzotrichlorides can be prepared by side-chain chlorination of the 
respective toluenes. Therefore, either by oxidation or side-chain halogena- 
tion and subsequent hydrolysis, substituted toluenes may be converted into 
the respective benzoic acids. The hydrolysis can be catalyzed by either acid 


The commercial production of monocarboxylic acids b generally through 
the oxidation of the corresponding alcohols or aldehydes with air in the 
presence of catalysts such as vanadium or cerium oxides. 


13.3 PHYSICAL PROPERTIES 

Carboxylic acids form relatively strong hydrogen bonds, which fact b 
reflected in their physical properties. For example, they have high boiling 
points for their respective molecular weights, higher even than the corre¬ 
sponding methyl or ethyl esters. 


COMPAMSON OP SOIUNC POINTS OF AODS AND ESTUS 



Add 

Ethyl Eller 

HCOOH 

101* 

54* 

CHjCOOH 

118 

77 

C,H,COOH 

141 

99 
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TAME 13J. PHYMCAl CONSTAKTS OP SOME CAUOXYUC AOOS 


Name 

Melting 

Point 

Boiling 

Point 

pK, 

Formic 

8.4 

101 

3.77 

Acetic 

16.6 

118 

4.76 

Propionic 

-22 

141 

4.88 

n-Butyric 

-4.7 

163 

4.82 

n-Valeric 

-35 

187 

4.81 

Phenylacetic 

77 

266 

4.31 

Acrylic 

13 

141 

4.26 

Beneoic 

122 

246 

4.17 

p-Toluic 

180 

275 

4.35 

p-Nitrobenzoic 

240 


3.40 

Salicylic 

156 


3.00 

p-Hydroxybenaoic 

215 


4.54 

Anisic 

184 


4.46 


As noted in Section 10.5, hydrogen bonding with water leads to greater 
solubilities, and the first four acids are miscible with water. In contrast to 
this, their esters have much smaller solubilities. See Table 13.3. 

TAME 13.3. PERCENTAGES OF WATER SOLUMUTY NEAR ROOM 
TEMPERATURE OF SOME ADDS AND THEIR HNYl ESTERS 



Acid 

Ethyl Ester 

HCOOH 

00 

11 

CHiCOOH 

« 

8.5 

C,H,COOH 

00 

2.4 

CiKtCOOH 

00 

0.7 

CiH|jCOOH 

3.3 

Insoluble 


The hydrocarbon portion of the acids resists entering into water solution, 
and when it becomes large, this resistance outweighs the solubilizing effect 
of hydrogen bonding. This occurs in the case of valeric and higher acids and 
the aromatic acids in general. It is to be noted that carboxylic acids tend to 
form dimers rather than polymeric chain aggregates as alcohols do. 

0- -H—0 

/ \ 

R-C C~R 

\ / 

0—H -O 

A dimeric carboxylic acid 

The degree of anooiation decreases adth rising temperature because as the 
t^perature is raised, the kinetic energy of the molecules increases and 
eventuaOy breaks tiie hydrogen bonds to form monomeric molecules. 
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The most typical property of carboxylic acida is their acidic churacter. 
They are the oonunoD organic acida. However, in contrast to mineral acids, 
aiudi aa hydrochloric and aolfuric acida, carboxylic acida are relatively weak 
acids. Their diaaociation in aqueous solution can be expressed by the usual 
law of maaa action. 


Hrf) + RCOOH ^ RCO,- + H,0+ 

„ (RCO.-)(H/>*) . 

^ (RC0,H)(H,0) ~ 


where the quantities in parentheses represent concentrations. For simple 
adda, K« is of the order of magnitude of 10~‘, and a 1 A/ aqueous solution of 
such an acid would have a pH near 3. However, certain structural features 
may increase the acid strength of carboxylic acids ten-thousandfold. For 
example, the perOuorocarboxylic acids, C,Fh-iCOOH, are strong acids, and 
aqueous solutions have essentially the same pH as would be calculated for 
complete dissociation. 


This acid strengthening effect of fluorine is due to induction. It can be explained aa 
follows; in a neutral covalent molecule such as that of chloroethane, 


H H 

H:C:C«*:C1 

H H 


the greater electronegativity of chlorine over that of carbon attracts the shared pair 
of electrons away from the midway position between the two atoms. This increases the 
electron density about the chlorine atom to give it a partial negative charge, and de¬ 
creases the electron density about the carbon atom to give it a partial positive charge. 
‘Hie decrease in electron density about the carbon atom causes it to have an increased 
aflhiity for electrons, and consequently it has a greater attraction for electrons (elec¬ 
tronegativity) than the fl-carbon atom. This brings about a small displacement of the 
deetrons in the C—C bond toward the o-carbon atom, which, in turn, decreases the 
electron density about the fl-carbon atom to produce there a fractional positive charge. 
This situation can be described, in different words, by saying that the chlorine atom 
induces a positive charge on the a-carbon atom, which, in turn, induces a smaller posi¬ 
tive chaiip on the /3-carbon atom. In this fashion Lewis &«t expluned the acid 
strengths of the chloroacetic acids. 


H 0 

ciJvA-oh 

i 

In chkHoaoetic acid, the chknine atom pulls the electron pair toward itself and therelqr 
induces a pomtive charge on the a-carbon atom; in turn, progresdvely smaller positive 
charges are induced on the carboxyl-cwbon atom and the hydroxyk>xygeD atom. 
The hydroxyl-oxygen atom of chloroacetic acid is, therefore, more positive than that 
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of unaubstituted acetic acid, and this faciliiatea dissociation of the proton. As a 
result, chloroacetic acid is a stronger acid than is acetic acid. Moreover, the more 
chlorine atoms there are on the a-carbon atom, the greater will be the induced positive 
charge on the hydroxyl-oxygen atom. Accordingly, dichloroacetic acid should be 
stronger than monochloroacetic acid, and the trichloro acid should be still stronger. 
This is actually the case, with trichloroacetic acid being a strong acid. The same 
sequence is found for the fluoroacetic acids. 

Dmodatian Canstanis (X iO*) of Some Halogen Acetic Adda 

X X CH 2 COOH X 2 CHCOOH X ,CCQOH 

Cl 1.4 50 130 

F 2.2 57 500 

Since the hydrogen atom is more electronegative than an alkyl group, formic acid 
is a stronger acid than the simple aliphatic acids. 

HCOOH K„ = 1.77 X lO'^ 

CHaCOOH K, = 1.75 X lO'* 

The transmission of induced charges along a chain of bonded atoms is called chain 
induction. The effect decreases rapidly with distance, as shown by the order of decreas¬ 
ing acid strengths of a-, d", and 7 -chlorobutyric acids, where the chlorine atom is 
progressively moved away from the carboxyl group. 

Ko X 10^ 

CHjCHiCHCOOH 139 

A, 

CH,CHCH,COOH 8.9 

A, 

CH,CH,CH,COOH 3 

A, 

The fact that carboxylic acids as a class arc stronger acids than alcohols is explained 
m terms of induction and resonance. Owing to the ionic character of the carbonyl group, 


R— 

\ 


the carbon atom has a larger electronegativity than does an alcohol carbon atom. It 
therefore induces a partial positive charge on the hydroxyl-oxygen atom of the acid 
which facilitates the escape of the proton. Also, the carboxylate ion is stabilized by 
resonance to a greater extent than is the acid form, owing to the exact equivalence 
of the two structures, 
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and this shifts the equilibrium in the direction of ionization. Such resonance stabiliza¬ 
tion docs not occur for the ion of an alcohol. 

Benzoic acids have dissociation constants of the same order of magnitude 
as fatty acids, K* 10" They dissolve, ther fore, in dilute aciueous sodium 
carbonate or bicarbonate (Section A-f)); however, if one wanted to make a 
solution of the salt, aqueous sodium hydroxide would be more effective. Most 
aromatic acids are white, crystalline solids, and easily recrystallized from 
aqueous alcohol. Aromatic acids are not volatile in steam, although benzoic 
acid is exceptional in this respect. The COOH group is rn-orienting and ring¬ 
deactivating, but not to the extent of a NOi group. 

13.4 CHEMICAL PROPERTIES 

The carboxyl group is made up of a carbonyl and a hydroxyl group, but 
the typical properties of these two classes of compounds, aldehydes and alco¬ 
hols. arc somewhat altered in the acid. I’or example, carboxylic acids do not 
undergo the addition reactions typical of aldehydes, and the acids are stronger 
acids than alcohols (alcohols are neutral in acpieous media). Thus, the proxim¬ 
ity of the two groups making up the carboxyl group brings about an altera¬ 
tion in their typical properties, but the change is more pronounced for the 
carbonyl group. It will be observed that the acids undergo many of the 
reactions typical of alcohols, but few in common w ith aldehydes and ketones, 


a. Salt formation. As is to be expected, carboxylic acids form salts with 
strong bases:- 

R-COOH + NaOH R—COONa + 11011 

Salt formation with bases significantly weaker than ammonia will be slight 
because of the weaknes-s of carboxylic acids. Movst sodium and potassium salts 
are water soluble; hence, fatty acids generally dissolve in dilute alkali. 


b. Anhydride formation. The hydroxyl-hydrogen atom of carboxylic acids 
is replaceable by acyl groups, but the reaction is carried out by using the salt. 


0 0 “ 

li +i 

R—C C-^C\ — 

\ 71 

0- R' 

Na+ 


0 0 

il li 

R.-C C + NaCl 

\ , 

0 R' 


c. Acid halide formation. The OH group of acids may be replaced by 
halogens with the same reagents as used with alcohols except HX acids. 
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R~C=() + JPX, R- 

I 

OH 


-C=0 -f |P(OH), 

I 

I 

X 


R—c=o + soxj ^ R-c=o + soj + irx 

i I 

OH X 

R—C=0 + PXs R- C=0 + POXa + HX 

i ! 

OH X 


d. Ester formation. IK’OOH + R'OH — RCOOR' + HOH. The esterifi¬ 
cation of alcohols wa.s di.scu.ssed in Section 10.fic and need not be taken up here. 
More will lie said about the reaction and about the.so last three classes of 
compounds (anhydrides, acid halides, and esters) when each class is taken 
up a.s a family. 


e. Oxidation and reduction. With the exception of formic acid, the sat¬ 
urated carboxylic acids are reasonably inert to oxidation by common chemical 
oxidizing agent.s such as potassium dichromate and permanganate. However, 
fatty acids can be oxidized by hydrogen peroxide with iron salt catalysts to 
give acids of two fewer carbon atoms. 

('nHj„„(Tf,('ri2('0()Il C„H,„+,COOH + 2C0,+ 2H20 

The biochemical degradation of fatty acids in colls, important as a means of 
getting heat and energy from the fats in our diet, also takes place by two 
carbon-atom cleavages (Section b^.Tc). Hence, acids containing an even num¬ 
ber of carbon atoms are liroken down to acetic acid. The odd-numbered mem¬ 
bers are not normally found in biological systems. In connection with this, it is 
interesting that ui-fluorocarboxylic acids, FCHr-(CHj),—COOH, with an 
even number of carliori atoms would end up as the toxic r’CHjCOOH from 
biochemical degradation, and the odd-numbered acids would yield the non¬ 
toxic FCHsCHjCOOH. fsiinilarly, esters of the w-fluoroacids with an even 
number of carbon atoms are toxic, whereas the e-sters of the odd-numbered 
acids produce no ill effects. 

Prior to the appearance of the mixed metal hydrides (see page 488 flf) just 
after World War 11, the laboratory reduction of acids was impractical. Now 
they can be easily reduced to the corresponding alcohols with LiAlH 4 or 
NaBH,. 

4RCOOH + SLiAllH ^ (RCH,0)A1 + RCH,OLi -t- 2LiA10, + 4H, 

V---- 

UiO 

4RCHtOH -(- ;U(OH), -F LiOH 
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Formerly acids were reduced indirectly by converting them into esters or 
acid chlorides for reduction to alcohols or aldehydes, respectively. 


R—COCl - R—CHO R-CH, 



R-COOR' - 


Ke. AcOH 


R—CHsOII 


LiAlH. 


T»CI 

pyridine 


R--CH 2 OTS 


Ts 



Generally the reduction of an acid to an aldehyde is done indirectly through 
the acid chloride, although a carboxylic acid can be reduced directly to the 
aldehyde with lithium metal in ethylarnine. The yields are too variable for 
the latter reaction to serve as a dependable general method. 

Aromatic acids have essentially all of those properties of fatty acids which 
are due to the presence of the COOIT group. Hence, both types form salts, 
esters, acid chlorides, anhydrides, and amides. 


According to the mechanism given for esterification in Section 15,2, the path for 
esttjrification is just the reverse for the hydrulys’s of esters. This is the normal, mild 
acid-catalyzed method. It depends on the formation of a tetrahedral transition 

r ‘OH HI 


state 


I 


R-C-O"^ 

\ 


i. 


For those acids and esters with large groups attached to R, 


)H R. 

such as in trimethylacetic and 2,()-dimethylbenzoic acids, there is a .steric hindrance 
to the formation of this intermediate, and reaction i.s either very .slow^ or does not 
occur. For example, trimethylacetic acid is ver}' slowly esterified, and 2,r>-dimethyl- 
benzoic and 2,6-dimethylcycIohexane carboxylic acids are unreactive. However, if the 
2,6-<limethyiphenyl group is moved back from the COOH group, as in 2,6-dimethyl- 
phenylacetic acid, then normal esterification will take place. 



Offer no steric hindrance 
to esterification 


CH, 



Offers steric hindrance 
to esterification 


On the other hand, esterification proceeds by a different mechanism in strong acid 
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media, such as in concentrated sulfuric acid or trifluoroacetic anhydride, and only 
hindered acids or esters tend to react in these strong acid solutions. A is a Lewis acid. 


0 

/ 

R—C 

\ . 

.()■ 

H 


0 

K 4 

R-C R-C=0 +'A— OH 

\ 4.A- 

.0 

H 


n— 

1 

-R'OH R'—OH 


OR' 


R' 

u 

0—H 


R-^C 


\ 


-H* / 

^=?R-C 


0 


0 


It takes a strong acid to form the acyl oarbonium ion, and, owing to a lack of steric 
hindranre in this ion, it can form in the cose of hindered acids or esters. 

Just as with the aliphatic acids, reduction of the COOH group to the CHO 
group lias to be done by first converting the COOH group to some other 
group, such as the a(dd chloride, hydrazide, or cyanide. 

There is one type of carboxylic acid which can be reduced directly to the aldehyde. 
Substituted salicylic acids can l)e reduced with sodium amalgam in an aqueous boric 
acid-toluidine mixture. As tlie aldehyde is formed, it condenses to form a Schilf base. 
Only o-hyclroxybenzoic acids are reducible by this method. 


f. Degradations of carboxylic acids. Carboxylic acids and their salts 
undergo decarboxylation produce various classes of compounds. The in¬ 
fluence of the type of salt upon the course of the reaction can be noted. 

(1) To alkyl halides: 

R('.OOAg -f X, ^ R- X H- CO, + AgX 

A 

This reaction, the Hunsdiecker reaction, is very useful because the resulting 
alkyl Or aryl halides are often key substances in multistcp syntheses. The 
silver salts may be formed by neutralizing the carboxylic acids with ammonia 
and precipitating the silver salts by the addition of aqueous silver nitrate. 
Often chloro compounds are produced as side-products when bromine is 
used. Thi.s can be avoided by using 1,2-dibromoethane as the solvent in place 
of the CCI 4 . Mercuric oxide can be used for this reaction in place of silver, 
in which case the acid can be used directly without prior isolation of the salt. 

(2) To amines: 

RCOOH + HN, -» RNH, -1- CO, -t- N, 

Hydrazoic acid, HN,, is not to be confused with ammonia, H|N. The acid is 
very unstable and not kept in stock. Instead, sodium azide, which is stable, 
is used with sulfuric acid. A common procedure is to dissolve the carboxylic 
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acid in concentrated sulfuric acid, cover with chloroform, and then add 
sodium azide in portions. The reaction, known as the Schmidt reaction, is 
useful for going from a carboxylic acid to an amine as a step in multistep 
syntheses. 

(3) To a ketone: 

0 



We saw in Section 5.2 that this reaction can be used to prepare certain ring* 
size alicyclic ketones. It is not a general preparative method for aliphatic 
ketones, although some ketones are produced commercially by passing the 
vapors of fatty acids over catalytic amounts of MnOj. When a mixture of 
an aromatic acid and an aliphatic acid is heated with iron metal at 250-300°, 
a fairly good yield of the respective phenone is sometimes obtained. 

^0,H + RCO,H 4- Fe ^ ^CO-R -I- FeO 4- COi 4- H, 

A 

Little RjCO or <|>iCO is produced. The reaction offers a meaas of making 
meta substituted phenones which cannot be obtained by acylations through 
a Friedel-Crafts reaction, e.g., m —Cl—C«H 4 -- COR. 

(4) To an amide: 

R-C0,NH4 ^ R- -CONH, 4- HiO 

This, of course, is not a degradation. It is included as a pyrolysis of a salt 
of a carboxylic acid. 

(5) Replacement by H: 

When COOH groups are attached to electronegative carbons, COi is lost 
fairly easily: 

0—COOH 4- Na,CO, 

Other important examples will be taken up in the sections on dicarboxylic 
acids and esters. 
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g. Next higher homolog formation. As a method of converting acids to the 
next higher homologs, the Amdi-Eistert synthesis consists of the following 
sequence of reactions; 


RCOOH ^ R—C=0 ' — R-O=0 + CH,C1 + N, 


Cl 


CHN. 

IxgiO. HiO 


RCHjCOOH + N, 


Diazomethane, CHiNj, is an unstable compound which is prepared and used 
in ether solution. The acid chloride is added to an excess of diazomethane 
yielding the diazoketone, which decompwses in the presence of moist silver 
oxide to give the acid. (See also page 364.) 


h. Side-chain halogenation. Although carboxylic acids are difficult to 
halogenate, halogenation at the a-carbon atoms may be carried out. Two 
catalytic techniques are employed, either illumination plus heat or phosphorus 
trihalidc. 

R—CHj-COOH 4- X, ^ R-~CH- -coon + HX 

^ i 

X 

When PXa is used, the reaction is known as the HeU-Volhard-ZeliTtsky reac¬ 
tion. The acid is transformed into the acid halide, the latter then undergoes 
halogenation, and the a-halogen acid is produced through hydrolysis. 

R--CH,COOH ^ R - CII,C=0 ^ R-CH-C=0 ^ R-CH—COOH 

I t I i 

I I I I 

X XX X 

In the presence of peroxides, fatty acids may be halogenated just as are 
alkanes (see Section 2.7). In this case, halogenation may occur any place 
along the chain. For example, the peroxide catalyzed chlorination of n-butyric 
acid yields 10 per cent a-, 45 per cent ff-, and 45 per cent y-chlorobutyric 
acids. 


13.5 SOME INDIVIDUAL ACIDS 

Formic acid (L. formica, ant) occurs in the free state in the red ant, from 
which it may be isolated by crushing and steam distillation. When concen¬ 
trated, it has a pungent odor and will blister the skin. It is produced com¬ 
mercially by the reaction of carbon monoxide w-ith sodium hydroxide, followed 
by acidification. 

CO -F NaOH ^ H-COONa ^ H-COOH 

B atm. 
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Unlike the rest of the carboxylic acids, the structure of formic acid may 
be regarded as a hydroxylated aldehyde. 

HO 

\ 

C=0 

II 


Thus it essentially is an aldehyde and actually lias a certain resemblance to 
aldehydes. For instance, it reduce-s rolleu.s' reagent. Upon heating, formic 
acid decomposes in one of two ways; 


/h1 

I ^ . 

/ / C=0 or 

2HC0()H ^ Ho + CO 2 + lU) + CO 


r 

/r 

HOj 


C=0 


Certain aKonts, particularly metals, catalyze the decomposition to produce 
hydrogen plus carbon dioxide; otlier agents, notably dehydrating agents, 
lead to the formation of water plus carbon monoxide. As such, formic acid 
and sodium formate hav(' .served as laboratory sources of carbon monoxide 
by the addition of concentrated sulfuric acid. 

Acetic acid (L. accium, vinegar) is the most common of the organic acids. 
Its dilute aqueous solutions have been known since ancient times, because it 
is formed in alcoholic beverages U|)on exposure to air. It is the sour principle 
of vinegar, resulting from the enzymatic oxidation of the ethyl alcohol pro¬ 
duced in fermentation, C'ider, the u.sual source of vinegar, is allowed to drop 
slowly over bcechwood shavings while air is forced upwards. Acetic acid was 
obtained formerly from the pyrolysis of wood (along with methyl alcohol and 
acetone) but now most of it is produced by the catalytic air oxidation of 
ethanol or liy oxidation of the acetaldehyde produced in the hydration of 
acetylene. Pure acetic acid is called ytacial acetic acid. Acetic acid is found as 
a common reagent in chemical laboratories, and in industry it is used for the 
synthesis of compounds such as esters, perfumes, dyes, pharmaceuticals, 

and especial!)" plastics. 

Butyric acid (L. hulyrum, butter) is present as the ester of glycerol in butter, 
and its odor is responsible for the unpleasant odor of rancid butter and stale 
perspiration. The long-chain fatty acids, such as stearic and palmitic, will 
be discussed along with the fats in Section 15.7. 


13.6 DICARBOXYLIC ACIDS 

The aliphatic dicarboxylic acids of major importance are those in which 
the carboxyl groups are at the ends of a chain of methylene groups, 
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HOOO—(CHi)„—COOH. Thus they may be regarded as dicarboxyl deriv¬ 
atives of alkanes, called alkanedioic acids. The first five polymethylene 
dicarboxylic acids arc named in Table 13.4. 


TABLE 13.4. NAMES OF THE FIRST FIVE POIYMETHYLENE DICARBOXYUC ACIDS 

(For brevity, the word acid has been omitted from each name) 


Structure ! 

I.U.C. Name 

Common Name* 

HOOC—COOH 

Ethancdioic 

Oxalic 

HOOC- CH 2 —COOH 

Propanedioic 

Malonic 

HOOC (CH^b-COOH 

Butanedioic 

Succinic 

HOOC - (CH:)r-COOH 

1 Pentanedioic 

Glutaric 

HOOO (CHi)4.COOH i 

i Hexanedioic 

! 

1 Adipic 


* Not-e thut iln‘ir initials correspond to those of the mnemonic, “Oh 
My Such (iood Apples.” 

coon COOH COOH 

' COOH 


PhUuilic arid Isophthalio acid Terephthaiic acid 

Any of these acids may be prepared by hydrolysis of the corresponding 
dicyanides, beginning with cyanogen, (CN)!. 

CN COOH 

! i 

(CHOn + 4H,0 (C.H,)„ + 2 NH 3 

I i 

CN COOH 

Other methods of preparing these acids are given in Section 15.6. Matonic 
acid is also produced commercially from acetic acid by the sequence of 
reactions; 

CHi- C’OOH CHj~ COOH CHj—COOK CHj—COOH 

! I A I 

Cl CN COOH 

These dicarboxylic acids in general have properties characteristic of mono- 
carboxylic acids. Tims, they form mono- or diesters, amides, acid halides, 
salts, etc. 

CHj—CONH a CHj—COOCjHfi 

I I 

CHr-COOH CHr-COOH 

Succinamic Monoethyl 

acid Burcinate 


CHj-COOK 


CHr-COOH 
Potaasium acid 
BUccinaU 


r" 
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CH,—COOK 

CH,—CONH, 

CHr-“COOC*H, 

CHf-COOK 

1 

CH,—CONH, 

1 

CHi-COOCaH, 

Pataasium 

Buccinamide 

Diethyl 

succinate 


succinate 


Upon pyrolysis, the dicarboxylic acids lose carbon dioxide or water. 

COOH 

i H-C=() 4- CO, 

COOH ^ i 

OH 

COOH 

/ 

CH, -»COOH 
\ ^ ! + CO, 

COOH CHs 

0 

/ 

COOH C 

i / \ 

(CH.)„ (CH,). 0 + H,0 

! ^ N, / 

COOH C 

\ 

0 

For n = 2 or 3, five- or six-membered-ring intramolecular anhydrides are 
produced. For n greater than 3, intermolecular polymeric anhydrides result. 

I HO—C-(CH,)„-C-OH -V 

i 

0 0 O 0 0 0 

II i! 11 il !! 

H0--C-(CH,)„-C-0--C---(CH,)n-C—0—C-(CH,).--C-OH 
+ (i - 1)H,0 

0 


// 

COOH C 



COOH C 


\ 

0 

Phthalic anhydride 
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Some of the dicarboxylic acids are used for making plastics (see Chapter 26). 
Phthalic acid is used extensively for making alkyd plastics (Section 26.3) and 
dyes (Section 27.3). Its dimethyl ester is used as a mosquito repellent, and 
the imide is used in Gabriel’s synthesis of amines. 




CriOl-, HiO* 
H'OH, HfSOi 


OH .a;thenHiO* 
HiO*. A 


R-CH,CH,OH 

R-CHj-COOR' 

R--CH,-CN 


CO., ll,«nHOH r.lJ n* V 

<-R -CHaMgX 


R-CH,--C’OOH- 


N»t)H 


• ; R -CHjCOONa 

HiO* 

* R-CHi-COCl 


HOH 

non 


HNi 


(RCH.C0),0 


R—CHjNH, 


4—R-- CIRGONH, 


MH, 

Cb(OH)». ^ 


or MnOi. 6 
Ah'*, then Xi 


4 (RCH2)iC=0 
+ R-CHsX 


CuO:-, H,0* 


R -CH,-CHO 


Fig. 13.1. Characteristic reaction chart for aliphatic monocarboxylic acids. 
13.7 SUBSTITUTED CARBOXYLIC ACIDS 

a. Halogenated acids. Like the alkyl halides, the side-chain halogenated 
acids are highly useful because they serve as convenient starting materials 
for preparing several other classes of compounds. The preparation of a-halogen 
acids, R—CHX—COOH, was described in Section 13.4h. ^-Halogen acids are 
prepared from the alpha isomers by dehydrohalogenation and then hydro- 
halogenation. 
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KOH V HX 

Il—Cllj—CH - C^OOH ^ R-CH=CH—COOH —* 


X 


R—CH—CH,—COOH 


X 


The addition of HX prol)ably takes place by 1,4-addition and subsequent 
tautomcrizatiori. 


R-CH=CII-C=0 

I H 

X OH 



X OH 


R-CH-CH,-C=0 

I I 

X OH 


Since the electronegati\'e halogen atom does not tiave a tendency to add to 
the electronegative oxygen atom, addition takes place only in the manner 
shown, pi'oducing only one product. AVhen tin* doijl)le l^ond is in any other 
position of the sid(‘ chain, this selective addition doCv^^ not occur, and mixed 
products are ol)tained. 

Other halogenated acids, as well as unsaturated acids, may bo produced 
through a series of reactions as follows: 

NaNUs 

R - C=C --H + - 

1. KCS 

R {C\uu- a —R (—c - iC\U), cooii 

,/ I 

/ n-. (-Ht, 

211, /cat- 

R ('J1,CH.- (CHdn-COOll / 

II R f'H=-CH - (Cll-J, COOH 

/ 

HI 

/ 

R-CH rii: (ni,),r + R cu, CH (riRi,. (Don 

i ; 

X X 

A sul)stituted acc‘tylene i.s reacted with an a,uj-iodochloropolymethyleiie in the 
presence of sodium amide, and the resulting disubstituted acetylene is reacted 
first, ^^'ith KC'N to replace the Cl by CN, and i\mi liydrolyzed to the acety- 
lenecarbo.xylic acid I. This acid may be hydrogenated to the saturated or the 
ethylenic acids, II and 111. When HX. is added U) the ethylenic acid 111, 
both the potential halogeiiated acids are produced and must be separated by 
fractionation. Obviously, the structure of R and the number of methylene 
groups, n, will vary to conform to the structure of the desired acid. 
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b. Hydroxy acids. A few hydroxy acids, such as lactic acid, 

CH,-CH()H-CO()H 

from sour milk, arc obtained from natural materials, but specific hydroxy 
acids are prepared by hydrolyzing the correspondinp; halogenated acids. They 
are prepared also by the Rrformalsky reaclion. This reaction is possible be¬ 
cause the intermediate alkylzinc reacts faster with aldehydes and ketones 
than with esters. 

RjC=0 + BrCHj-COjR - Il,C-CHj-COOR ^ RjC—CHi—COOH 

OZnBr 6 11 


Thus, by using different aldehyde.s or ketone.s, and different a-halogenated 
esters, a variety of hydroxy acids may be prepared. 

Some hydroxy acids are used in making resins and plastics (see Chapter 
26). Upon pyrolysis, they lo.se water either inlcr- or i 7 t/.ramolecularly. The 
J-hydro.xy acids yield six-membered ring lactones. The reactions of all but 
the i3-hydroxy acids are really esterilications. d'he «-isomers yield a ring by 
the alcohol of one molecule esterifying the carboxyl group of another molecule, 
while the 7 - and 5-isomers undergo inlrarnolecular esterification. 


a-Ilydroxy acids 


R CH-C=() 


I f —i r! ^ 



0=C-CH-R 


0 

II 

C 

./ '\ 

^ RCH 0 -b 2HOH 

^1 1 -b polvesters 

0 CHR 

\ / 

C 

II 

0 

A liictide 


/3-Hydroxy acids 
7 -Hydroxy 


RCH- CPl2 VCOOH 


_ j 


ri“~ 

' /AIT 


L 


Oil 


acids 


HCII-=CH COOH + HOH 

a,0-unsaUiMited acid 
major product 



Five-membered 
ring lactone 
»'c—o * 176()“1780 cm’'^ 
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4-Hydroxy acids 


CH, 

/ \ 

CHj CH, 


R-CH 


,C=0 


-HiO 


\/^ ‘ 


0 0 

i.^! 

H H 



Six-membered 
ring lactone 

PC-0 « 1735-1750 cm-^' 


When Qt-hydroxy acids are boiled in dilute sulfuric acid, carbon monoxide 
and water are lost with the formation of an aldehyde. 


R-CH~C()0H 


R—CHO -f CO + H,0 


OH 


The reaction can be used for the stepwise degradation of carbon chains. This 
is another example of the instability of compounds containing two groups, Y, 
attached to a single carbon atom, where Y may be OH, COOH, NH,, etc, 
(cf. Sections 10.7, 10.8c, 15.5, and 15.6). 

Some of the hydroxy polycarboxylic acids have important uses. Malic 
acid, obtained from apples, loses water upon pyrolysis to yield maleic anhy¬ 
dride and fumaric acid: 


COOH 

I 

H—C—H 
H—6—OH ^ 

COOH HOOC 


0 

H COOH H C 

\ / \ / \ 

li -f !| 0-l-lH,0 

C c / 


/ \ / \ / 


H 


H C 


Malic acid 


Fumaric acid 


\ 

0 

Maleic anhydride 


Thus, malic acid reacts as a (3-hydroxyacid, i.e., it loses water to yield an 
unsaturated acid. In this case, two geometric isomers, maleic and fumaric 
acids, are produced. The two COOH groups of maleic acid are close enough 
to form an intramolecular anhydride, but the (rans-isomer, fumaric acid, 
does not. Maleic anhydride is used in making certain plastics (see Chapter 
26) and for the Diels-Alder reaction (see Section 3.5). 

The monopotassium salt of tartaric acid, dihydroxysuccinic acid, 
HOOC—CHOU—CHOH—COOK, is sold as cream of tartar which is used 
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Fehling's solution (page 330). It forms an alkali-soluble copper complex, 
believed to have the structure, 

COr 


Cu 


/ 


0—C—H 


\ 


0—C—H 

I 

COr 


since it migrates to the anode during electrolysis. In the past, tartaric acid 
was imported a.s a by-product of the European wine industry, but recently 
its commercial synthesis from maleic anhydride (made from benzene) has 
become economically successful. 

Citric acid, a biologically important acid. 


COOH COOH COOH 

CHj-C-CHj 

1 

OH 


is used extensively for forming soluble complexes of cations in ion exchangers. 
Through the use of ion exchangers, many salt mixtures have been separated 
on a large scale for the first time. For example, plutonium and uranium mix¬ 
tures were separated for production of atomic bombs, and the rare earths 
are now available in pure form in pound fiuantities. 


STUDY EXERCISES 

1. Write three general equations for the preparation of carboxylic acids. 

2. What are the common names of the first five fatty acids? 

3. Compare the water solubilities of the first few members of the alkanes, alcohols, 
aldehydes, ketones, ethers, and carboxylic, acids. Which ones are regarded as having 
practical solubilities in water? 

4. Would one predict acetic acid to have a higher boiling point than acetyl chlo¬ 
ride? Check this prediction with the facts. 

5. Write equations for the reaction of propionic acid with (a) SOCh; (b) PCh; 

(c) KOH; (d) HjSO,; (e) HN,. 

6. Write equations for the action of alcoholic potash upon «-chlorobutyric acid. 

7. Name the following acids according to the Geneva system: (a) (C 2 Hj)sC- -COOH; 
(b) C,Hr-CH(CH,)- COOH; (c) (CH,)2CH-C00H; (d) CHjCHjCHjCHtCH,) - 
CH,C00H; (e) [(CH,),CH] 2 CH~ C00H; (f) (CHslsC—CHj—COOH. Which ones 
arc conveniently named as derivatives of acetic acid? 

8. How would one prepare n-butyric acid from (a) ethyl butyrate, (b) n-propyl 
alcohol, (c) n-butyl alcohol, (d) n-butyraldehyde, (e) sodium butyrate, (f) propionic 
acid? 
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9. Write the structure of a dicarboxylic acid which upon pyro) 3 rBi 8 would yield 
(a) n-butyric acid^ (b) isobutyric acid, (c) isovaleric acid, (d) a-chloro-n-caproic acid. 

10. How would one separate and isolate adipic acid from tetramethylene glycol? 

11. Write the structure of 2,4-pentadienoic acid. 

12. Write general equations for four methods of preparing aromatic carboxylic acids. 

13. Write general equations for the formation of the ester, acid chloride, amide, and 
nitrile of p-toluic acid, starting with p-toluic acid, p-CHj—C»H 4 —COOH. 

14. Indicate the behavior of aqueous alkali upon benzamide, ethyl benzoate, and 
benzonitrile. 

15. WTiat sequence of laboratory reactions would you use to prepare (a) d-bromo- 
butyric acid, (b) a-nitrobutyric acid, (c) a-hydroxybutyric acid, starting with butyric 
acid in each case. 

16. Suggest ways of carrying out the following 8}Tithe8e8 in the laboratory: 

(a) HOCHa-CHj^COOH from ethylene, (b) C.H»-CO^COOH from benzaldehyde, 
(c) p-nitrophenylacetic acid from p-nitrotoluene. 

TEST QUESTIONS, Sef /3 

1. W'hat weight of butyric acid could be made from 12.3 g of n-propyl bromide 
by forming a Grignard, carbonation of the Grignard, and hydrolysis of the addition 
product? Assume a 90 per cent yield in each of the three stages of the reaction. 

2. Illustrate the series of reactions one could use to convert valeric acid to 
n-butanol, and to convert n-butanol to valeric acid. 

3. How could a solid hydrocarbon be distinguished from a solid fatty acid? 

4. What volume of 1.0 N alkali would be required to neutralize 2.5 g of acetic acid? 

5. A sample of a monocarboxylic acid weighing 0.2100 g required 18.10 ml of 

AVlO KOH solution for neutralization. What is the molecular weight of the acid? 

6. How could the presence of formic acid in acetic acid be detected? 

7. What series of reactions would be used to prepare a-bromopropionic acid from 

ethyl alcohol? Is there a route which does not involve halogenation of propionic acid? 

8. Should a saturated alcohol be any more soluble in aqueous potassium carbonate 
than in water? Why or why not? Should an acid, valeric acid, for example, be any more 
soluble in aqueous potassium carbonate than in water? Why, or why not? 

9. Indicate the sequences of laboratory reactions one could use to prepare (a) 
trichloroacetic acid from methanol, (b) butyric acid from ethanol, (c) succinic acid 
from ethyllene, (d) succinic acid from n-propy alcohol. 

10. When oxalic acid is heated directly, it does not cliar. How could one prove the 
presence of carbon in the compound? 

11. What weight of potassium permanganate would be required to oxidize 10 g 
of oxalic acid to COj in sulfuric acid? In which role does oxalic acid have the larger 
equivalent weight, as a reducing agent or as an acid? 

12. How could one distinguish by qualitative tests (a) oxalic acid from acetic acid, 

(b) malonic acid from succinic acid? 

13. Explain the greater acid strength of nitric acid over nitrous acid in terms of 
resonance theory. 

14. Twenty-five milliliters of 0.2 N NaOH are required to neutralize 0.44 g of a 
monocarboxyl ic acid. The acid will give only a mono a-bromination product. What is 
its structure? 

15. How could one explain the fact that trichloroacetic acid is a much stronger acid 
than acetic acid, and trimethylacetic acid is weaker than acetic acid? On this basis, 
predict the stronger acid in the following pairs: 
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(a) Br-CHr-COOH and Cl—CHg—COOH 

(b) CHr-€HCl-COOH and Cl—CHr-CHj-COOH 

16. A neutral compound X, C 4 HBO 2 , reduces Tollens’ reagent, liberates H 2 when 
treated with sodium metal, and slowly gives a positive iodoform test. What is a possible 
structural formula for X? 

17. What weight of potassium dichromate would be required to oxidize 1 mole of 
p-chlorotoluene to p-chlorobenzoic acid in acid solution? 

18. Saccharin is made by heating o-carboxybenzenesulfonamide. What series of re¬ 
actions can be used to prepare saccharin, starting with toluene? 

19. Give equations for the preparation of acetylsalicylic acid (aspirin), and of methyl 
salicylate, starting with phenol in each case. 

20. Which should be the better solvent for benzoic acid, ethyl ether or petroleum 
ether? Explain the basis of your prediction. 

21. Acetophenone yields chloroform when treated with chlorine in aqueous alkali, 
but 2 , 6 -cUmethylacetophenone only produces 2 , 6 -dimethyl-a,a,a-trichloroacetophe- 
none under the same conditions. Offer a possible explanation for the difference in 
behavior of the two compounds. 

22 . How could one distinguish by qualitative test-tube experiments (a) acrylic acid, 
CH 2 ==CH—COOH, from propionic acid; (b) acrylic acid from acetylenecarboxylic 
acid? 

23. What sequence of laboratory reactions could one use to prepare: (a) |9-bromo- 
propionic acid from acetic acid; (b) y-bromovaleric acid from valeric acid? Then how 
would one prepare y-valerolactone, CHi—CH—CH?—CHz—0=0, using the 7 -bro- 


movaleric acid? 

24. Propose a mechanism for the loss of CO plus H 2 O from an a-hydroxy acid when 
heated in sulfuric acid. 

25. Two isomeric compounds I and II were prepared and characterized. What 
n.m.r, spectral characteristics w’ould you seek in order to differentiate the two? Should 
there by any significant difference between the ratios of Kj and K 2 for I and II, where 
Ki and K 2 refer to the first and second acid dissociation constants? 



CH2COOH 

/ 

j 

\ 

/ A CHsCOOH 



CH—CHjCOOH 



26. A compound A, vc-o 1742 cm"'*, is insoluble in water, dilute acid, and base. It 
does not give a 2,4-dinitrophenylhydrazone or affect the color of aq. ceric nitrate. 
After three hours refluxing in dilute base, nothing can be extracted wuth ether from 
the alkaline solution. A product B can be isolated from the reaction mixture after 
acidification. Product B, equivalent weight 130 ± 2 , turns aq. ceric nitrate red and 
gives a positive iodoform test. Deduce the structure of A from these observations. 
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27. A compound R, CioHnOn has infrared absorption bands at 1685 and 1250 cm~'. 
It is insoluble in dilute acid and base. It does not reduce Tollens’ reagent but forms a 
2,4-dinitrophenyUiydrazone. Upon vigorous oxidation it yields an acidic product, 
C»HgO(, which forms an acid anhydride upon heating. Treatment of R with sodium 
hypobromite gives a different acid w'hich, when heated with soda-lime, yields 
p-GHjO— C 1 H 4 —CHj. Propose a structural formula for R. 



14 

Acid Halides and Anhydrides 


Acid halides are compounds in which the OH group of a carboxylic acid 
lias been replaced by a halogen atom. This gives them the general structure 

0 0 

/ / 

R C or 0-0 

\ 

X X 

where X is a halogen atom. The lUX) or 0CO group is sometimes called an 
acyl group. 

14.1 NOMENCLATURE OF ACID HALIDES 

The I.U.C. system of naming acid halides u.ses the suffix -oyl in place of 
the -c of the -anc ending of alkanes, followed by the name of the halogen. 
Again, the carbon atoms are numbered from the acyl carbon atom. The com¬ 
mon names of acid halides are derived from those of the corresponding acids, 
with the name of the halogen added. 'The carbon atoms in the chain are 
lettered according to the Greek alphabet. A few illustration.s of both systems 
of naming acid halides are given in Table 14,1, 


TABLE 14.1. ACID HALIDE NOMENCLATURE 


Structure 

i I.U.C. Name 

Common Name 

(H-COCl) unstable 

1 Methanoyl chloride 

Formyl chloride 

CH,-COBr 

j Ethanoyl bromide 

Acetyl bromide 

CHr-CHCl-CH,-COF 

i 3-Clilorobutanovl fluoride 

1 ^ 

1 

1 d-Chlorobutyryl fluoride 


The aromatic acid halides are named after the corresponding acids: 
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COBr 



Benzoyl bromide 


COCl 



CH, 

p-Toluyl chloride 


14.2 PREPARATION OF ACID HALIDES 


The acid halides, aromatic as well as aliphatic, are prepared from the cor¬ 
responding acids by treatment with the usual reagents used to replace OH 
by X. 

0 0 

/ / 

+ iPX, 4.-C + iP(OH), 

i i 

OH X 


0 

// 

<tt-c + PX, 

1 

OH 


0 

/ 

^ <h-C -I- POX4 -I- HX 

I 

1 

X 


0 0 

/ / 

0-C + sox, -4 «-C -t- so, + HX 

i I 

OH X 


In general, the sodium salts may be used in place of the organic acids.' 


14.3 PHYSICAL AND CHEMICAL PROPERTIES OF ACID HALIDES 


The acid halides are nonassociated substances, and therefore, they are 
lower boiling than the corresponding acids. For example: 


Acetic acid 
Benzoic acid 


Bailing Point 
of Acid 
118' 

249“ 


Boiling Point of 
Add Chloride 
51“ 

197“ 


The acid halides do not dissolve in water, but they hydrolyze rapidly to 
yield the acid and halide ion. Owing to this ease of hydrolysis, the acid 

' A good method of preparing acid halides and anhydrides is to use oxalyl chloride, 
Cl—CO—CO—Cl, with carboxylic acid sodium salts. (R. Adams and L. H. Ulich, J. Am. 
Chem. Soc., 42, 599 (1920); A. W. Schrecker and P. B. Maury, tlnd., 78,5803 (1954).) How¬ 
ever, because of the ready availability of the reagents used above, rarely does a chemist 
resort to the use of oxalyl chloride. 
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halides have few important industrial or domestic uses other than as inter¬ 
mediates in organic synthesis. Therefore, only the simplest ones are com¬ 
mercially available. In this respect, their major use is to serve as acylating 
agents, i.e., the replacement of active H’s by acyl groups, for which most 
often the CHiCO or CeHiCO groups will serve, or as intermediates in multi- 
step syntheses. With this in mind, we will consider some of their more common 
chemical properties. 

a. Acylation. See Section 15.4 concerning mechanism. 

0 0 

R-C -1- HjOH -R—0 +HX - 

ri—' I 

IX 6h 

V_ i 

0 0 

/ o / 

R—C -I- H'OR' - R—C + HX 

^1-J I I 

_OR' 

11-0=0 + R-C=0 -I- HX 

rl- I I 

[X_J NH, 

Observe that HX is produced in each case, and by measuring the quantity 
of acid liberated, one can use the reactions for the quantitative determina¬ 
tion of the number of active H’s in a molecule. This application will be used 
later. When alkali or some other base is used to take up the HX, the reaction 
is called the Schotten-Baumann Teadion. 

b. Reduction. 

R—COCl -b H, ^ R—CHO + HCl 
R—COCl -t- LiAlH« — R—CH,OH 

These reactions are illustrated for the chlorides because the chlorides are by 
far the most common. The reduction to aldehydes, known as the Rosenmund 
reduction, was discussed in Section 12.2c. 

c. Degradation. 

R—COCl -b HN, -b H,0 — R—NH, -b HCI -b CO, -b N, 

This reaction is carried out just as it is with carboxylic acids, discussed on 
page 347. 


R—COCl 


Ac>0, Xi 


R—X -b CO, + AgCl 
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This reaction may be preferred to the Hunsdiecker reaction when the acid 
chloride can be prepared more conveniently than the silver salt. 


d. Arndt-Eistert reaction. See page 349. 


R—C=0 + CH,N, ^ R—0=0 ■ > RCH.COOH + N, 


Cl 


CHN, 


This reaction may be used as a method of lengthening the carbon chain by 
one carbon atom. The diazoketone is also useful as an intermediate in the 
synthesis of other types of compounds: 

R—CO—CHNi + HCl —+ R—GO—CHjCl Synthesis from the methyl 

ketone by monuchlorination 
impractical. 

R—CO—CHNj + HOR' R—CHr-COOR' 


R-CO-CHN2 + HNHi -* R -CHr-CONHi 


14.4 ACID ANHYDRIDES 


Acid anhydrides are just what this name implies, the condensation products 
of acids through the loss of water. 



\ 


C==0 

^ 0 '^ +HOH 

/ 

R 


An acid 
anhydride 


The R’s may or may not be alike, and may even be joined. The names of 
acid anhydrides stem from the names of the two acyl groups attached to the 
center oxygen atom. 


CH, 

CH, 

CH,CH, 

\ 

\ 

\ 

c=o 

c=o 

c=o 

/ 

/ 

/ 

0 

0 

0 

\ 

\ 

\ 

c=o 

c=o 

c=o 

^ / 

/ 

/ 

CH, 

CH3CH2 

CH3CH2 

Acetic 

Acetic 

Propionic 

anhydride 

propionic 

anhydride 

anhydride 
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0 



Phthalic 

anhydride 


0 

// 

CHr-C 

\ 

0 

/ 

CH,—C 

\ 

0 

Succinic 

anhydride 


CH—C 


/ 


CH—C 


\ 

c 

/ 


\ 


0 


Maleic 

anhydride 


Notice that when the acyl groups are alike, the name is given only once, as 
in acetic anhydride. 

Acid anhydrides are prepared by reacting acid halides with sodium salts 
of carboxylic acids. 


0 0 

II +1 ^ 

/ \ / I 

R 0- R' 
Na+ 



R 


\ / \ 

0 R' 


+ NaCl 


This reaction was given earlier on page 344. Like the acid halides, the acid 
anhydrides have little industrial use and only the simplest ones are produced 
on a commercial scale. Other than for research studies, the acyl groups will 
usually be alike. Furthermore, mixed anhydrides tend to disproportionate 
into two corresponding simple anhydrides. 

2R~C0—O- GO—R' (RC0),0 + (R'CO)iO 

This makes it difficult to purify the unsymmetrical anhydrides. The intra¬ 
molecular anliydridcs are usually prepared by simple pyrolysis of the dibasic 
acids. 



Acid anhydrides are nonassociated substances and boil at higher tem¬ 
peratures than the respective acids because their molecular weights are 
almost twice those of the acids, and this is too big a factor for hydrogen 
bonding to overcome. For example, acetic acid boils at 118“, and acetic 
anhydride boils at 138“. 
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Acid anhydrides are used for acylations in preference to acid halides, 
because the reactions are not as vigorous and are more easily controlled. 
They react to replace hydrogen atoms, attached to nitrogen or oxygen, by 
acyl groups (see Section 15.4 for mechanism). 

(RC0)20 + H-OH R-COOH + R-COOH 
(RC0)20 + H-OR' COOH + R—COOR' 

(RC0)20 + H~NR2^ R—COOH + R-CONR, 

In these reactions, an organic acid is always one of the products, and as with 
the acid halides, measurement of the quantity of acid liberated may be used 
as a method of determining the number of hydroxyl or amino groups in a 
compound (see Section A-4b). 


STUDY EXEROSBS 

1. Give equations for the general methods of preparing acid halides and anhydrides. 

2. What would one expect to be the order of relative boiling points of propionic 
acid, propionyl chloride, and propionic anhydride? Check your prediction with the 
facts. 

3. Indicate by equations the reaction of (a) propionyl chloride with isopropyl 
alcohol, (b) n-butyric anhydride with ammonia. 

4. What is the difference between the terms acylation and acetylation f 


TEST QUESTIONS, Set 14 


1. How’ could one distinguish, by qualitative test-tube experiments, acetyl bromide 
from bromoacetic acid? 

2. What is the molecular weight of a trihydric alcohol if 0.46 g of it is acetylated 
with acetic anhydride, and 15 ml of 1 N NaOH are required to neutralize the liberated 
acetic acid? See Section A-4b for help, if needed. 

3. How could one prepare a-bromobutyr>d bromide from butyric acid? 

4. Why is acetyl chloride more reactive than ethyl chloride toward nucleophilic 
reagents? (See Section 15.4 for aid, if necessary.) 

5. How could one determine the acetic acid content of a solution of acetic acid in 
acetic anhydride? 

6. Indicate by an equation the reaction of valeryl bromide with ale. KOH. 

7. What series of laboratory reactions, starting with ethyl bromide, would you 
use to prepare maleic anhydride? 

8. The structure of the adrenal hormone adrenaline was proved by its synthesis 
through the following reactions: 


catechol -|- CICH; 


COCl' 


POCli 


CsHtOiCI 


(±)-adrenaline < -CiHnOiN 

C,H.,0,N 


CHiNHi 


NaOa, 

then 

HiO^ 


3,4-Dihydroxybenzoic acid 


What is the structural formula of adrenaline? 
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Esters 


Esters are alkyl or aryl derivatives of both morganic and organic acids. 
Hence, esters of carboxylic acids have a general structure such as 

0 

/ 

R-C 

^0-R' 

where the R’s may be aliphatic or aromatic. Up to Section 15.8 all references 
made to esters will be esters of carboxylic acids. Esters of inorganic acids will 
be discussed in Section 15.8. 


15.1 NOMENCLATURE 

An ester is named on the basis of the corresponding acid by changing -ic to 
-ale and preceding this with the name of the alkyl group attached to the 
hydroxyl oxygen atom. For illustration, a few examples are given in Table 
15.1. 


TABLE 15.1. ESTER NOMENCLATURE 


Structure 

I.U.C. Name 

Common Name 

H-C-0 

1 

Ethyl methanoate 

Ethyl formate 

OCJI, 



CH,-CH-C-0 
il icH(CH,), 

Isopropyl 

2khioropropanoate 

Isopropyl 

o-chloropropionate 

CH,-CHr-CH-CHi-C-0 

(!;Hi icHrf^HjBr 

2-Bromoethyl 

S-methylpentanoate 

5*Bromoethyl 

^methylvalerate 
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0 OCjHs 

\ / 

c 



Ethyl wi-chlorohenzoate 


0 OCH, 

\ / 
c 


OCOCH, 



./ 


Methyl o-aretoxybenzoate 
or 

methyl ace tyIsali cy late 


It is frequently awkward to name a compound as a derivative of the acid, 
and it is simpler to ref 2 ;ard the COOR group as a substituent. In this casei 
the COOR group is called a carboalkoxy group. For illustration. 


CH 3 -CO- CH 2 CH -CH=CH--CH 20 H 

C( )2C2H b 

4-Carl)()ethiixy-(>-keto-2-heptenol 

or 

l-hydr(jxy-4-carboethoxy-2-heptenone-h 
or even, 

4-carb()ethoxy-2-hepterie-1-oM)-one 



CO2CH3 


2- Ca r bo n le t hu xy~ c yc 1 ohexan on e 


15.2 PREPARATION 

Jesters are prepared by the acylation of alcohols as first shown in Section 
10 . 6 c, Either organic acids, acid halides, or anhydrides may be used. 

ftcid 

R'COOH + RHJH R'COOir^ + HOH ( 1 ) 

R/cox + mm —> R/cooR' + hx 

(ireo ),o + won —> r/coor^ + ircooii 

Reaction ( 1 ) is commonly referred to as esterijicatum. It is reversible and 
catalyzed in both directions by acid. When it is desired to prepare an ester, 
the equilibrium is shifted to the right by the addition of sulfuric acid. Sulfuric 
acid not only serves as a catalyst, but combines with the water formed to 
produce a sulfuric acid hydrate. Wlien the purpose is to hydrolyze the ester, 
alkali is added because it forms a salt of the organic acid and prevents the 
latter from reacting, i.e., it shifts the equilibrium completely to the left. 

As a mean.s of determining the mechanism of esterification, it is desirable 
to know whether the alkoxyl oxygen of the ester is that of the alcohol or of 
the acid That is, in the elimination of water, does the OH come from the 
alcohol and the H from the acid, or does the OH come from the acid and the 
H from the alcohol? 
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or 


R'O=0 +!HO-f-R* 


4C-.J 


R'—C—0 +[H^R« 


\ 

/ 


R'C—O 

I +HOH 
OR* 


ri 


H 


I 


J 

This question was answered conclusively by using alcohols containing isotopic 
oxygen in place of normal oxygen-10. 


R_c=0 + fH-j-0‘*R ^ R—C=0 + HOH (2) 

H- ‘ I 

R_C=0 + [hO^R R—0=0 + HO«H (3) 

_^ Ar 


Hence, if the OH cornea from the alcohol as in (3), the heavy oxygen would 
end up in the water, but if the OH comes from the acid as in (2), the oxygen-18 
would end up in the ester. By experiment, it was found that primary alcohols 
react by mechanism (2), secondary alcohols by (2) and (3), and tertiary alco¬ 
hols predominantly by mechanism (3). The same situation occurs for the 
hydrolysis of esters. Some hydrolyze by scheme (2), some by (2) and (3), 
and some solely by (3), This variation in mechanism is due to steric require¬ 
ments. With a given acid, RCHzCOOH, the relative rates of esterification 
by alcohols decrease in the order, primary > secondary > tertiary. For a 
given carbinol, RCH 2 OH, the relative rates of reaction with acids is in the 
order RCH 2 COOH > R 2 CHCOOH > RjC—COOH. 

EkS tenfication is a reversible reaction, and in the absence of steric effects the reaction 
mechttnism is close to the following: 

Acid catalyzed eaterificaiion or hydrolyaia: 


o 




OH 


OH 


R ~ C R—C R - C 

\ -H+ X 

OH OH OH 


\ 


[ OH -I 

1 

R—C-OR' 

(^H li J 


ReHonaiice 

hybrid 


TraDBitioD 

state 


R 


-HOH 


HOH 


6h oh 

\- 


OH' 

-HM I I 
o 




0 - 

/ 


OR' 




OR' 
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Base catalyzed hydrolysis: 

R-C R-C^ ■ * Fr— i -OR'l 2^|f'-OH- 

L Ah J 

Resonance Transition 

hybrid state 

Even before the experiments with isotopic oxygen were done, it was deduced 
from two indirect lines of reasoning that, in esterification, the OH of water 
comes from the acid. First, it is known that when the OH of alcohois is to be 
replaced, tertiary alcohols react the fastest, and when the hydroxyl hydrogen 
atom is to be replaced, primary alcohols react the fastest. Since simple organic 
acids are esterified most rapidly with primary alcohols, it was assumed that 
the hydrogen comes from the alcohol in r.sterification. Secondly, if a thio- 
alcohol, RSH, is used in place of an alcohol, it is easy to follow the course 
of the reaction. 


R_C=0 + HSR'- 

I 

OH 


^ R—C=0 + HOH 

I 

SR' 

\ 

R_C=0 + HSH 


OR' 


Obviously, it was easy to determine whether HjO or HjS was liberated, 
and here it was found that HjO was formtxl. If one assumes the mechanism 
for alcohols and thioalcohols to be the same, the same conclusion is reached 
regarding the mechanism of esterification as was later found using isotopic 
oxygen. 

A less widely used method of preparing esters is through the oxidation 
of ketones with a peracid, called the BaeyeT-Villiger reaction. 


R 


R' 


\+ 

C—0- 

/ 


0 


+ CF,-C 


\ 

0—0 


\ 

H 


R 

\ 

C=0 + CF,CO,H 

/ 



\ + 

C=0H + O—COCF, 

/ 

0 


R' 


R' 
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The migrating group of the ketone ia the one beat able to cany a positive 
charge. 

The reaction finds application as a step in a multistep synthesis for con¬ 
verting a ketone to an ester or acid group or for the cleavage of a ketone. 
Methyl ketones, it will be recalled, are cleaved by the haloform reaction. 

15.3 PHYSICAL PROPERTIES 

Esters cannot form hydrogen bonds, and therefore esters have lower boil¬ 
ing points than the respective acids, as long as the alkoxyl group is not too 
large. Thus, methyl and ethyl esters boil at lower temperatures than tbie 
corresponding acids. 

Boiling Point Boiling Point 

of Acid of Ethyl Eater 

CJI,COOH 141* 99" 

C,H,COOH 249" 213" 

CJIuCOOH 233" 196" 

Although water may form hydrogen bonds with esters, the esters lack OH 
groups for forming hydrogen bonds with water, and this absence of coasso¬ 
ciation prevents esters from having large solubilities in water. For example, 
the first four carboxylic acids, formic to butyric, are soluble in water in all 
proportions, but their ethyl esters are only sparingly soluble (see the data 
in Section 13.3). However, since esters may form oxonium ions with strong 
+• 

acids, R--C==OA, where A is a strong acid, esters are appreciably soluble in 
OR 

concentrated sulfuric acid, as are most oxygen-containing compounds. 

Esters are characterized by having very pleasant odors, resembling those of 
fruits or flowers, and frequently they are the aromatic components of natural 
and synthetic perfumes. The greatest use of esters is as solvents in the lacquer 
industry. Some naturally occurring esters of animal or vegetable origin from 
high-molecular-weight fatty acids and monohydric alcohols are valuable waxes 
(compare with the petroleum waxes, page 79). Beeswax, from the honeycomb 
of bees, is chiefly myricyl palmitste, CijHiiCOiC>oH»i. Spermaceti, a crystalline 
wax from sperm oil, is chiefly cetyl palmitate, CiiHnCOiCKHu. CamavJba 
wax, a coating on the leaves of a species of palm, contains myricyl cerotate, 

C«H.,CO,C»H.i. 

15.4 CHEMICAL PROPERTIES 

a. Displacement reactions. Esters undergo several useful displacement 
reactions. 
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R_C=-0 +! H-!-0H R-O-O + R^OH 

^ - 1 I I 


|_0R' 


OH 


R_C=0 + H—NRi R—C=0 + R'OH 


OR' 


I 

NR, 

R» 


R-C=0 + R»MgX R-C-OMgX 


R'MtX 

-OR' 


OR' 


OR' 


R* 


HOH 


R> 

I 


R-C-OMgX — R-C-OH 

I I 

R* 


All the acyl classes of compounds undergo displacement reactions similarly as do 
the alkyl halides (page 230). 


0 

11 

C : X 

/ \ 

R Y 


0 - ■ 

1 

C 

/i\ 

R i X 
L Y J 


0 

H +:v 

h/\ 


The acyl compound is a resonance hybrid of three major forms I, II, and III. 


R-C=0, R—C-0-, R-C—0- 


Y 

I 


Y 

II 


Y+ 

III 


The contribution of III decreases with increasing electronegativity and decreasing 
electron-donor character of Y. Thus, the net contribution of III increases approxi¬ 
mately in the order Y = F, Cl, Br, I, OCOR, OR, OH, NH,. The smaller the contri¬ 
bution of III, the more readily will the acyl compound react with nucleophilic 
substances. 


0 

11 

C ; 0-R 

/ \ 1 

R Cl H 


/ 


0 - 

1 

c 


OR 


L Cl H J 


0 - 

-Cl 1+ + 

R-C-0R^=^R-C-0 


Ar 


(4) 
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0„ 

0- 

W 

1 

C * 0“R ^ 

C 

/\ 1 

/IV 

ROH 

R 1 OR 

1 

0 H 

RCO 

RCO 

B ■ 

Or 

F* 

0- 

Ik 

1 . 

C«-. :NR, 

C-NR, 

/\ 1 

/I H 

B OR H 

o 


0- 

■-I1 

1 . 

.iOH ;:i 

C—OH 

/ \ H 

/I H 

R NR. 

R NR, 


O' 

-RCOi- I -H* 

- *■ c+ —R-C—0 (6) 

/ V I 

R OR OR 

H 


0- 

-OR I -H» 

—► c+ ^R-C-0 (6) 

/ \. I 

R NR, NR, 

H 

0 - 

C+ ;:^R-CM) (7) 

/V I 

R OH, OH 


Reactions (4) and (5) are so vigorous as to be practically irreversible; reactions (6) 
and (7) are reversible, with the normal position of equilibrium lying on the right. 
Thus, it is convenient to carry out ammonolysis of esters (6) or hydrolysis of amides 
(7) in the laboratory, but not the alcoholysis of amides (6 in reverse) or the ammonoly- 
sis of acids (7 in reverse). The latter processes require forceful conditions of elevat^ 
temperatures and pressures which arc easily accommodated in industrial laboratories. 


b. Reduction of esters. Esters are conveniently reduced to alcohols with 
lithium aluminum hydride, sodium metal, or catalytic hydrogenation. 

R- -COOR' ^ R- -CH,OH + R'OH R. A. LiAlH, 

Na in alcohol 
Ha, Ni 

c. Claisen condensation. One of the most useful reactions of esters is the 
Claisen condensation. In the presence of a strong base, such as sodium 
alkoxide, sodium amide, or sodium hydride, the alpha hydrogen of one ester 
molecule splits out ROH with the alkoxyl group of another ester molecule. 
For example, with ethyl esters, an etiiyl acylacetate would be formed as 
follows: 

0 ‘ 0 
R—+i ;CRr-CO,Et R—C—CRr-CO,Et + EtOH 

N 

i OEt(^H 
-OR 


An ethyl acylacetate 
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The acylacetates are important intermediates in the preparation of substi¬ 
tuted ketones and carboxylic acids as discussed in Section 15.5. 

15.5 ACETOACETIC ESTERS 

In the equation for a Claisen condensation given above, a general structure 
of an acylacetate ester was given. It is really a substituted acetate, 

H 

I 

H-C~C=0 

I I 

H OR< 

An unsubstituted scetste 

in which Il’s and an acyl group have been substituted for the alpha H’s of a 
simple acetate ester. The structure of R* is immaterial and is usually an 
ethyl group, and R‘, R*, and R* may be simple or complex groups or even 
hydrogen atoms. The acylacetates are named in the regular fashion of naming 
esters, i.e., name the alkoxyl alkyl group then give the name of the acid, 
modified to end in -ale. The acyl group is named on the basis of the correspond¬ 
ing acid too. A few illustrations are given in Table 15.2. 


0 R* 


Ri_C_C-C=0 

I \ 

R* OR* 

An scyldialkylacetate 


TABLE IJ.2. NOMENCLATURE OF ACETOACETIC ESTERS 


Structure 

Name 

CH^CHr-CO-C(CH,)r-COOCjH, 

CH(CH,). 

Ethyl a,a-dimethyIpropanoyI- 
acetate 

CH,(CHs) 3 -CO-i-CO,CJI, 

Ethyl a-isopropyl-a-ethylpen- 

1 

C,H, 

tanoylacetate 

CH,(CH2)4-CH(CH,)-CHt-CO-CH—CO gCJl, 

Ethyl Q£-n-butyl-i8-methyloc- 
tanoylacetate 


Very often the acyl group is the acetyl group; hence, these acylacetates 
as a class are called acetoacetate eaters. Not only are they useful for synthesiz¬ 
ing substituted acids and ketones but they are interesting because of their 
tautomeric nature. In Section 4.5 tautomerism was introduced and discussed, 
and it was pointed out that the keto-enol equilibrium is a common tautomeric 
system. 
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OH 0 

/ \ I \ 


With just hydrogen atoms or simple alkyl groups attached to the carbon 
atoms, i.e., 

CH, OH CH, 0 

\ / \ / 

C““C ^ c—c 

/ \ /II 

H C,H, H H C,H, 

the bond energies make the keto form so much more stable that barely 
measurable amounts of the enol form exist at normal temperatures. When 
certain groups are a part of these structures, however, the relative stabilities 
are altered, and the equilibrium may shift, even completely toward the enol 
side (see Table 15.3). In the case of the acetoacetic esters, as with 1,3-dike- 
tones, it is possible for intramolecular hydrogen bonding to occur in the enolic 
forms. 

H 

/ ■••o 

i il 

/ \ / \ 

R C OR 

I 

R 

This stabilizes the enol tautomer with respect to the keto tautomer, and as a 
result, these compounds have appreciable enol contents. For illustration, the 
enol contents of several substances are given in Table 15.3. 


TABLE 15.3. ENOL CONTENT OF SOME KETONES 


Structure 

Name 

Enol Content 
(%) 

CH,-CO-CH, 

Acetone 

0.000015 (liq.) 

O-^ 

Cyclohexanone 

1.18 

C,H,0-C0-CHr-C0,C,H, 
CHr-CO—CHr-CO,C,H, 
CHr-CO-CH,—CO—CH, 
CO—CH,-CO—CH, 

0—CO—CH|—CO — if> 

Diethyl malonate 
Ethyl acetoacetate 
Acetylacetone 
Benzoylacetone 
Dibenzoylmethane 

< 1.0 

7.7 (liq.) 

76 (liq.) 

89 (liq.) 

100 
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This is an excellent demonstration of the stabilizing effect of hydrogen 
bonding. If the keto groups are adjacent or separated by more than one carbon 
atom, the enol contents are negligible because the ring structures of five or 
more than six atoms are not very stable. 

Kclx) torni Enol form 

H 


0 O' 0 

R-C-C-CHiR R—C- -C=CH-R 

II 

O 


-H. 

O' 

0 0 0 

II 

R-C-CH,-CHj—C-R R-C C-R 

\ 

CH-CH, 

Hence these compounds have no more enolic character than simple ketones 
and esters. Since the 1,2- and 1,4-diketones are not enolic, this shows that the 
enolic content of l,3-diketone8 is due chiefly to intramolecular hydrogen 
bonding and not to a twofold chance of tautomerization (owing to the pres¬ 
ence of two C=0 groups). 

The simultaneous presence of enol and keto forms in a sample of an aceto- 
acetic ester is known from the fact that it exhibits both ketonic and enolic 
properties. For example, a sample of an acetoacetic ester will form a bisulfite 
addition compound, an oxime, and a cyanohydrin, and will exhibit other 
typical ketonic properties. This is not due to the ester C=0 group, because 
simple esters do not undergo these ketonic reactions. At the same time, an¬ 
other sample of the same material will add halogens, showing the presence 
of a C=C group, will give a deep coloration with aqueous ferric chloride, 
and will dissolve in alkali, the latter properties being typical of enols. Enols 
are weak acids with Ko’s in the range 10"' to 10"*’. 

The separate enol and keto forms of acetoacetic ester were isolated by 
Knorr in 1911. By evaporating an ether solution of the ester at —80® under 
reduced pressure, the keto form was obtained in crystalline form. In this 
solvent, essentially only the keto form exists. The sodium salt of ethyl aceto- 
acetate was carefully decomposed by dry hydrogen chloride to yield the 
liquid enol. The tautomers are stable for a long period when kept in quartz 
vessels at —78® but at room temperature they rapidly change to the equilib¬ 
rium mixture. 

In the Claisen condensation, if the substituted acetate, H—CRiCOOR, is 
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not readily available, it is easy to introduce the alkyl groups on the a-Kiarbon 
atoms of an acetoacetate ester. 


/B- 

0 H 0 


R-C4^H-CO,Et 

R'-^X 


R~“0—CH—COtEt -1- BH X" 
R' 


A second alkyl group may be substituted for the other a-hydrogen atom in 
the same fashion. 


a. Acetoacetic ester synthesis. Upon hydrolysis, the acetoacetate esters 
yield ketones or acids, depending upon the conditions of hydrolysis. 

Ketone formation: In acid or dilute alkali, preferably acid, acetoacetic esters 
hydrolyze to produce ketones. 

0 0 
/ H.0^ / 

R- -C-CRi-COiEt + HOH —i R—C— CHR, + CO, + EtOH 


The first step in the reaction is a simple hydrolysis of the ester group to give 
the acetoacetic acid, but when two COOH groups or a C=0 and a COOH 
group are attached to the same carbon atom, the compound readily loses 
carbon dioxide. Thus, the acetoacetic acid loses CO, during the hydrolysis 
to yield the ketone. 


H 


H 


o') Co 

r 


0 


■low 

-► 

-COi 


/ \ /\ 

R CR, 0 R CR, 


fMt 


0 

II 

c 

/ \ 

R CR,H 


Thus, quite a variety of ketones may be prepared merely by varying the 
structures of the R’s, and this does not require extremely uncommon com¬ 
pounds. For example, to make the unusual ketone, 

0 CH, 

II I 

CH,-C-CH-CH-CHr-CH, 

CH, 

CH, -in-CH, 


only very common compounds are required. In this case, the acetoacetic 
ester that would be used is 



378 


TEXTBOOK OF ORGANIC CHEMISTRY 


CH, 

0 CH—CHjCH, 

CH,—C-€-€0,Et 

I 

CH, 

I 

CH,—CH—CH, 

in which the a-alkyl groups are familiar sec-butyl and isobutyl groups. The 
ester, then, can be made from ethyl acetoacetate by substituting the sec- 
butyl and isobutyl groups on the a-positions one at a time, using the respective 
alkyl bromides and potassium ethoxide catalyst. Of course, the acetoacetate 
is commercially available, but as a laboratory exercise, it can be prepared 
from ethyl acetate by the Claisen condensation. 

To prepare a complex ketone by this acetoacetic ester synthesis, write 
down the structure of the desired ketone. One carbon-attached group will 
be part of the acyl group of the acetoacetic ester, and the other carbon- 
attached group will have the structure —CRjH, derived from the a-carbon 
of the ester. 

0 0 

R—C—CR,H from R—C—CR,-CO,Et 

The a-hydrogen of the ketone comes from the decarboxylation step in the 
hydrolysis. 

Add formation: Acids and simple esters cannot be alkylated to give 
H—CR,—COOH, but such acids can be produced by the hydrolysis of the 
appropriate acetoacetic esters. For this purpose, acetylacetates are used and 
the hydrolysis is carried out in strongly alkaline conditions. 

0 0 

OH" 

CH,—C--CR,-C—OEt -I- HOH ” 

0 

CHr-<^- + H—CR,—CO,- -|- EtOH 

H-CRr-COOH 

Since the acetic acid is water soluble, and the substituted acetic acid probably 
will not be, the two are easily separated. Otherwise they would have to be 
fractionated. In this reaction the initial step again is probably a simple hy¬ 
drolysis of the ester group, but the salt suffers decarboxylation only very 
slowly. Instead, the acyl-a-carbon bond undergoes cleavage. 
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CHr 


0 - 

( 

OH- 


0 

II 

R*—C 


0 - 


0 


•low 


\ 


CH3—CRj—C 


fait 


0- 


i: 


H 


\ 


0 - 


0 


0 


CHi—C "f" HCRi—C 


\ 


0- 


\ 


0- 


For a complex acid, therefore, if one can pick out the structure H—C—COOH, 

then the acid can be prepared by the acetoacetic acid synthesis wherein 
whatever appears outside the box must be attached to the a-carbon atom 
of the acetoacetate ester. For illustration, the acetoacetate required for the 
preparation of 

CHr-CH (CH,)—CH—CH,—CH(CH,)t 
COOH 


is ethyl o-isopropyl-a-isobutyl-acetoacetate, for in the desired acid, the iso¬ 
propyl and isobutyl groups are attached to the H—dl—COOH group. 


H,C CH, 

\ / 

CH 

I 

0 CH, 

II I 

CHr-C—C—COiEt 

i, 


I 

H,C CH, 


in, 

i 

ii 


H-COOH 


:r CH 

/ \ / \ 

H,C CH, H,C CH, 

The Claisen condensation will take place intramolecularly, too, in which 
case it is called the Dieckmann condensation: 


OR 



'^OR 
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This reaction provides another way of making alicyclic compounds. Five- and 
six-membered rings are favored in this condensation and the reaction is pre¬ 
ferred over the pyrolysis of the corresponding salts (cf. Section 5.2). 


15.6 MALONIC ESTER SYNTHESIS 

Malonic esters may be used also for the preparation of substituted acetic 
acids. Malonic esters may enolize, too, but as shown in Table 15.3, their enol 
contents are low. When reacted with sodium metal or a strong base, the 
equilibrium shifts to the enol side and the entire quantity of ester thereby 
reacts to form a salt. 


0 


0 


0—H • • 0 


RO__c—CHj—c- OR Ro—c=(::n—C-OR 


Na 


ONa 0 

I II 

RO—C=CH--C—OR -h iHj 

The ion is a resonance hybrid, and reacts a.s a nucleophilic reagent with alkyl 
halides. 


RO 0- RO O RO O 

\ / \ / \ / 

c c c 


c c- c 

/ \ / \ / \ 

H C=0 H C=0 H C—0- 

/ / 

OR 


OR 


OR 


R'X 


RO 0 

\ / 

C 

I 

R' -H X- 

I 

C 

/ \ 

RO 0 


Malonic esters readily undergo a-halogenation, hence a-alkylmalonates or 
a-halogenomalonates may be produced. If desired, the second a-hydrogen 
may also be replaced by either an alkyl group or a halogen atom through 
the same sequence of reactions. The substituted esters may then be hydrolyzed 
and decarboxylated to yield substituted acetic acids. 
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R' COOR 

\ / 

C + 2H,0 

/ \ 

R' COOR 


R' COOH R' COOH 

HiO* \ / -COr \ / 

• (_/ " y C 

^C-0 R'"^ 


For example, 2,5-dimethyl-3-carboxy-hexane, 

CHr-CH(CH,)CH—CHr-CH(CH,),, 

1 

COOH 


may be prepared from diethyl malonate. As was done for the acetoacetic 

-^ 

ester synthesis, pick out[^—C—COO^in the structure of the desired acid 

and what extends out of the box will be the R groups on the a-carbon atoms 
of the malonic ester. In this case they are the isopropyl and isobutyl groups. 
Introduce these two groups one at a time into the malonic ester with the use 
of sodium metal. The sequence of reactions would be as follows. For simplicity 
the enolization steps and side products are omitted. 


H COOR Na COOR (H,C),CH COOR 

\ / Na \^/ (CH,),CHBr \ / 

L/ *“4 L' -. . 8 C' 

H COOR H \oOR ^COQR 


|HiO> 

A 


(HjOjCH COOR 
(CHilsCH-CH,"^ \oOR f 



(H,C).CH COOR 

V 

/ \ 

Ns COOR 


(H,C).CH COOH 

V -CO. 
/ \ 


(CH,),CH COOH 

V 
/ \. 


(CH,),CH-CH, COOH (CH,),CH-CH, H 

i-Propyl-»-butylacetic acid 


or 


2,3-diinethyl-3-carboxyhexane 


Halogenated acids, R—CHX—COOH, are useful for conversion into the 
corresponding amino acids, R—CH(NHj)—COOH, which are needed in bio¬ 
chemical studies. The malonic ester synthesis also provides methods of pre¬ 
paring alkanedicarboxylic acids. 
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ROjC h ro,c h ho,c h 

V Br(CPIi),CM V '-V 

/ \ / \ / \ 

RO.C Na ROjC (CH,),CN HOiC (CH,)«COOH 


H H 

V 

HOjC"^ ^(CH,),COOH 


rHO,G-(CH,).H,-COOH] 


H CO,R 

V 

r—"yf \ 

I Na' CO,R 


H CO,R H COOH 


Br 

4-V /' 'CO,Rh.o* /' 'COOH_2co. / H 

(6h,), + ^ (CH,). —► (CH,). -► (CHO, 


V 

/ \_ 


V 


H COOH 

V 


I ^Na I CO,R 

L_y 

\o,R 


V 
/ \ 


COiR "" 


V 

/ \. 


COOH 


H COjR H COOH 


y 

\ooH 

i.e., 

COOH 

(Ah,).+. 

ioOH 


(iii) Substituted succinic acids: 


H COjR R CO,R 

^C"^ ^C"^ COOH COOH 

Na'^ '^COiR I, ^COjR h.o> R—i—COOH -zcq. R-i—H 

Na COjR COjR ^ R-i—COOH R—C—H 

\ / / 1 1 

COOH COOH 

R COjR R COgR 

a,a'-Dialkylfluccinic acid 


-COOH R—C—H 
OH ioOH 


Thus there are many useful applications of the malonic ester synthesis for 
preparing substituted acids and compounds derivable therefrom. 

The malonic ester and acetoacetic ester syntheses produce only dialkyl- 
acetic acids. The methods of producing carboxylic acids (e.g., carbonation 



ESTERS 


391 


believe foam indicates efficacy); and (4) other minor additives such as 
bleaches. Frequently, the bleaches have a white fluorescence to make white 
clothes look "brighter than white." 

A considerable portion of an alkylbenzenc sulfonate-based detergent, which accounts 
for 75 {)er cent of all household detergents, is not decomposed by sewage treatment 
plants, and this undegraded detergent, together with other organic substances, 
produces a pollution and foam problem in our water supply. .Although it has been 
shown that detergents comprise no more than 10 per cent of the organic residue from 
a sewage treatment plant, detergent manufacturers have had to produce biodegradable 
detergents. For the pre.s(*nt, the alkylbenzene sulfonates are only about 25 per cent 
biodegradable, whereas the fatty alcohol sulfonates are completely biodegradable. 

15.9 ESTERS OF INORGANIC ACIDS 

a. Nomenclature and preparation. The esters of inorganic acids are named 
as alkoxyl derivatives of the. inorganic element, or as alkyl replacements 
of the corresponding salts. For example, (C2H60)3P is ethyl phosphite, 
(C 2 H 60 ) 3 P 0 is ethyl phosphate, (CjH60)iS0 is ethyl sulfite, and CjHtOSO:!! 
is ethyl hydrogen sulfite. 

These esters are produced by reactions similar to those used in the prepara¬ 
tion of esters of carboxylic acids. Thus, alcohols are reacted with inorganic 
acids or their acid chlorides. Usually, nitrites, nitrates, sulfates, and borates 
are prepared from the respective acids (reactions 8 to 12), and phosphites, 
phosphates, sulfites, and silicates are prepared from the acid chlorides (reac¬ 
tions 13 to 17). In the latter case, a base is added to avoid the accumulation 
of hydrogen chloride. See list of reactions in Table 15.7. In reactions (13) and 
(14) notice that phospliorus trichloride may react with alcohols in one of two 
different ways. Reaction (1.3) tends to be favored at low temperatures and with 
primary alcohols; (14), which was used for a method of preparing alkyl 
lialides (see Section 9.2), occurs predominantly with tertiary alcohols. Other 
inorganic acid halides behave similarly, and the relative proportions of reac¬ 
tions (13) or (14) depend on the conditions and the reactants. 

b. Properties of esters of inorganic acids. Such esters have physical and 
chemical properties much like those of carboxylic acids. They may usually be 
distilled without decomposition, are soluble in organic solvents, and are in¬ 
soluble in water. Their tendencies to hydrolyze vary considerably. For exam¬ 
ple, borates and silicates usually hydrolyze readily at room temperature, 
but some nitrates hydrolyze slowly at elevated temperatures. In boiling 
water, the first methyl group of methyl sulfate is hydrolyzed off in a few 
minutes, but only a fraction of the second methyl group is removed after 
several hours. 

c. Uses of esters of inorganic acids. Most of these esters have marked 
physiological activities. Nitrites relax the smooth muscles of the body and 
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TABLE 157. PREPARATION OP ESTERS OF INORGANIC AODS 


ROH + HONO ^ HOH + RONO (8) 

An alkyl 
nitntn 

ROH + HONOz HOH + RONOz (9) 

An alkyl 
nitrate 

ROH + HOSOzOH HOH + ROSO^OH (10) 

An alkyl 
hydrogen 
sulfate 

2ROH + (HO)2SOz HOH + (ROlzSOz (11) 

An alkyl 
sulfate 

3ROH + B(OH), ^ 3H0H + (ROhB (12) 

An alkyl 
borate or 
trialkoxyl 
bfjrane 

3ROH + PCI 3 3HC1 + P(0R)3 (13) 

An alkyl 
phosphite 

3ROH + PCh3RCI + P(0H)3 (14) 

Phosphorus 

acid 

pyridine 

3ROH + POCl, —► 3HCl:pyridine + (R0)^?0 (15) 

An alkyl 
phosphate 

2ROH + SOCl, 2HGl:pyridine + SO(()R), (16) 

An alkyl 
sulRte 


3 ROH + SiCU 4HC1 + Si(OR)4 (17) 

Tetra- 

alkoxyl- 

silane 

rapidly lower blood preasuree; sulfates are highly toxic; and silicates affect 
the eyes. 

Many nitrates decompose explosively, and of course, the well-known ex¬ 
plosive, nitroglycerin (page 289) is a triester of glycerol. The solid nitrate 
ester pentaeiythritol tetranitrate (PETN) is used extensively in grenades. 
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0N0» 



OiNO—CH 2 -C-CH 2 -ONO, PETN 

1 

CH* 

6 NO 2 

The morioalkyl and dialky) acid phosphates are used as acid catalysts in the 
plasties LiKiustry, and serve as intermediates or ingredients in the manufac¬ 
ture of lianie-prooting agents, rust preventives, antistatic agents, and oil 
additiv es. Pliosphaie esters are used extensively as hydraulic fluids and high- 
temperature lubricants. 

STUDY EXERCISES 

1. Give equatioiiS lor three general methods of preparing esters of carboxylic acids 

from aicjh(nji. 

2. li dithioacetic acid, CHgC’SSH, were reacted with ethanol, what would be the 
liroducts? 

3. What type of buap would be used for (a) toilet soap, (b) for making axle grease, 
(cj as an antioxidant? 

4. \\'rite equations to express the reactions of methyl butanoate with (a) NaOH^q., 

(b) ammonia, (c) bromine, (d) excess CjHaMgBr, (e) NaOC-Jis, (f) LiAlH 4 . 

j. Acetic acid, 71-propyl alcohol, and rnetliyl formate all have molecular w'eights 
of 60. Predict the relative order of their boiling points and state the basis for your 
prediction. 

6. What is the reaction of a soap solution, assumed to be sodium stearate, with 
iu) copper sulfate solution, (b) “hard water/’ (c) hydrochloric acid? 

7. Write the structural formula of methyl 3-heptynoate. 

8. Write a general equation for the preparation of (a) a borate ester, (b) a phos¬ 
phate ester, (c) a sulfate ester. 

9. Starting with Br—(CH 2 ) 5 -'Br, give two routes for preparing cyclohexanone 
which involve different methods of closing the ring. 

TEST QUESTIONS, Set 15 

1. If soap costs 10 cents per pound, how much would it cost to soften 8 liters of a 
2% aoiutioii of CaCb? Assume the soap to be sodium stearate, that all of the calcium 
inns can be removed, and that the specific gravity of the solution is 1.0. 

2. Starting with ethyl acetoacetate, indicate the sequence of laboratory reactions 
one could use to prepare (a) methylisopropyl ketone, (b) methylethylacetic acid, 

(c) 3-carboxypentane. 

3. With ethyl alcohol as the only source of organic compounds, show how one 
could make use of the acetoacetic ester synthesis to prepare 3-isopropyl-2-heptanonc. 

4. How could hydroxyaeetic acid be prepared from formaldehyde? 

5. How could one distinguish by qualitative test-tube experiments (a) ethyl 
a-methylacetoaeetate from ethyl a,a-dimethylacetoacetatc, (b) a mineral oil from a 
vegetable oil? 
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6. What weight of subatitvied ethyl acetoacetate would be required to produce 71 g 
of 3-ethyl-4-methyl-2-hexanone if the over-all yield is 60 %? 

7. In the reaction of acetic acid with ethyl alcohol, the equilibrium constant is 4. 
If 2 moles of acetic acid are reacted with 3 moles of ethyl alcohol, how many moles of 
ethyl acetate are present at equilibrium? 

8. By making use of the malonic ester synthesis, indicate the sequence of reactions 
one could use to prepare the following compounds: 

(a) Q£-methylbutyric acid from diethyl malonate 

(b) 2-cyclohexyl-3-methyl-2-pentenoic acid from diethyl malonate 

(c) Qf-chloroadipic acid from diethyl malonate 

(d) glutaric acid and adipic acid, each from diethyl malonate 

(e) a-benzylvaleric acid from ethyl acetoacetate 

(f) isopropyl-n-propylacetic acid, with ethyl alcohol as the only source of or¬ 
ganic chemicals. 

9. Wliat weight of alkyl bromide would be r(uiuired in the preparation of 61 g of 
/3-methylbutyric acid from diethyl malonate if each step of the reaction gives only 

80% yield? 

10. How could one demonstrate that acotoacetic esters are tautomeric? 

11. Does 2,5-hexanedione have a larger or smaller enol content than 2,4-hexnne- 
dione? 

12. How' could one distinguish by qualitative test-tube experiments (a) ethyl aceto¬ 
acetate from diethyl malonate; (b) ethyl a,a-dirnethylacetoacetate from methyl 
butyrylacetate; (c) tristearin from triolein? 

13. Twelve and a half grams of a fat, molecular weight 834, are hydrolyzed in excess 
alkali, the reliction mixture acidified, and the organic acid isolated. Assuming an 80% 
yield, what volume of 1 N' NaOH would be required to neutralize the organic acid? 

14. If one has 16 g of diethyl malonate and 15.6 g of ethyl iodide, how much butyric 
acid could be made by the malonic ester synthesis if the over-all per cent yield is 70%? 

15. Write equations for three methods of preparing hydroxyacetic acid starting with 
formaldehyde in one method, with acetic acid in the second case, and with diethyl 
malonate in the third preparation. 

16. Predict the relative rates of reaction of acetic acid with n-, iso-, and (cr<-butyl 
alcohols, and of ctljyl alcohol with n-butyric, isobutyric, and trimethylacetic acids. 

17. Starting with diethyl a,a>-heptanedioate, what series of reactions would you use 
in the laboratory to synthesize the following stnjcture? 

CHiCH^OH 



18. Give the series of reactions that could be ustid to prepare cycloheptanecarboxylic 
acid making use of hexamethylene bromide in the malonic ester synthesis. This is an 
example of Perkin’s method of synthesizing alicyclics, and it is useful for rings up to 
seven carbon atoms. 

19. Predict the product in the oxidation of acetophenone with CFaCOiH. 

20. Starting with cyclohexane carboxylic acid and bromocycloheptane, and with 
common commercial substances available, how would you synthesize in the laboratory: 

CeHu-CH-CHr-CO,C*Hi 

([jtHu 
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Nitrogen Compounds 


Several of the classes of compounds studied so far have been regarded as 
derivatives of water in which one or both hydrogen atoms of water have been 
replaced by alkyl or acyl groups. 


H 


0 

/ \ 


H 


Water 


0 0 0 0 0 

/ \ / \ / \ / \ / \ 

n HR R RCf) II HCO COR RCO R 

Alcohol Ether Acid Anhydride Ester 

Among the nitrogen compounds to be discussed now, several types may be 
considered as analogous derivatives of ammonia with 1, 2, or 3 hydrogen 
atoms replaced by alkyl or acyl groups. 


R 

\ 

H-N 

/ 

H 


H 

\ 

H-N 

/ 

H 

R 

\ 

R-N 

/ 

H 


Ammonia 


\ ^ 

R—N Amines 

/ 

R 


RCO 

\ 

H-N 

/ 

H 


RCO 

\ 

R-N 

/ 

H 


RCO 

\ 

H-N 

/ 

RCO 


There are other 
RsC^NH 
RC(NH)NHj 
RC(NH)OR 


Amide N-alkyl amide Imide 

nitrogenous compounds, too, such as 
Imine RCONHNH, 

Amidine RiC=NOH 

Imido ester RaN—NO 


Hydrazide 

Oxime 

N-nitrosoainine 


3M 
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R—NOi nitro compound 

R—ONOi nitrate 

R—ONO nitrite 

as well as amino acids and proteins. Space does not permit a separate dis¬ 
cussion of each of these classes of compounds; therefore some will be discussed 
and others just mentioned throughout this book. 

16.1 AMINES 

Amines are alkyl derivatives of ammonia, and they fall in to three categories; 
Primary amines R—XIIj 

Secondary amines R 

\ 

NH 

/ 

R 

Tertiary amines R 

\ 

H—N 

/ 

R 

Primary amines are those containing one carbon-attached group in place of a 
hydrogen atom of ammonia; therefore they also have an NHj group. Sec¬ 
ondary amines contain two simple carbon-attached groups, having a free 
NH group; and tertiary amines have all three ammonia hydrogen atoms 
replaced by carbon-attached groups. 

When one or more of the carbon-attached groups is an aromatic ring, the 
amine is regarded bs an aromatic amine: 

Frinuiry Secondary Tertiary 
—NHi 

^—N HR R 

—NRi 

Note that (CH3)3C — OH is a tertiary alcohol but (CHsjsC — NHj is a primary 
amine, because the amines are classified on the basis of the number of alkyl 
groups (substituents) which have replaced H atoms of NHa. 

Just as ammonia may form ammonium salts by sharing its lone electron 
pair with an acid, a tertiary amino-nitrogen atom may share its lone electron 
pair with a carbonium ion to form a quaternary ammonium ion. 

R 

u 

R—N—R 

I 

R 
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Each group is joined to nitrogen by a covalent bond. Being an ion, it forms 
salts with anions, as does the ammonium ion. 

a. Nomenclature. The I.U.C. system of naming aliphatic amines replaces 
the -e ending in the name of the corresponding hydrocarbon by -amine. For 
example, CHjCHjCHNHsCHj is 2-butanamine. On the other hand, m more 
complex structures it is convenient to regard the amino group as a substituent. 

CH, 

I 

S-Amino-l-methylcyclopentane 

\ 

NHj 



The common names of amines are obtained by giving the name of the alkyl 
groups and adding llie suffix, amine. Aromatic amines are named as deriv¬ 
atives of the parent amine. Some examples follow; 



Cyclopropylamine 


H CHa 

■\ / 

N 



CH, 

N-methyl-m-toluidine 


\ / 

N 



PhenylethyUaopropylamine 

or 

N-eth yl-N-ieopropylaniline 


NH, 



Cl 


4-ChJoro-l-naphthylaiiune 


r(CH3)2CH CHxCHjCHs”! 

\./ 

N 


/ \ 

CH, C,H, 


JCl' 


Ethyl methylisopropyl-Ti-propyi- 
animonium chloride 


(HOCHiCHajaNH BiB-^lhanolainine 

HaN-(CH,)-NH, 


PolymethyleDediamiiie 
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Hexamethylenediamine (l,&-diaminohexane) is used as a monomer in the 
preparation of nylon (page 586). Putresdne, tetramethylenediamine, and 
cadavenne, pentamethylenediamine, are formed when meat and fish decay. 
As the names imply, their odors are obnoxious. They are not highly toxic 
themselves but belong to a group of poisonous substances called ptomaines, 
which are nitrogenous compounds formed in the decomposition of proteins 
by bacteria. 

b. Preparation. In the alkylation of ammonia with alkyl halides, an 
alkylammonium salt is first produced, w'hich reacts with ammonia to form 
NH 4 X plus a primary amine: 

H,N ; + R—X [H3N • R • X] ^ RNHjX ^ RNH, + NH4X 

This is a displacement reaction in which the more basic amino group replaces 
the halogen atom. However, some of the resulting primary amines can react 
in the same way with some of the alkyl lialide which has not yet reacted, to 
produce a secondary amine. 

RNH^R-^^RjNH -1- NH4X 

The secondary amine can also react with unreacted alkyl halide to yield a 
tertiary amine, which in turn may react with alkyl halide to give a quaternary 
ammonium salt. 


R,NH + R—X —> R3N + NH4X 
R,N +R-X—►RiNX 

A 

Thus, the reaction produces four products, decreasing in amounts as the 
degree of alkylation progresses. Although the products may be separated 
by some form of fractionation, a chemist prefers to use a preparative method 
which does not require extensive fractionation of the products. For that rea¬ 
son this reaction is not used for the laboratory preparation of primary amines. 

Nevertheless, alkylation of ammonia can be used for the industrial produc¬ 
tion of amines, for then the reaction mixture is easily fractionated and the 
various products placed in stock for sale when ordered. The methylamines 
are also produced commercially by a catalytic reaction between ammonia 
and methanol. 


CHaOH -F NH; 


AliOi 

460" 


CHaNH, 1 
(CH,),NhI-F HaO 
.(CH.)aN J 
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Preparation of aliphatic primary amines. 

(jdbriel synthesis. 

CH 0 

/ \ II 

HC C—C HC 


NK+ + R—X 


i! / 

C-C 

. / II 

CH 0 

PutasBium phthalimide 


0 

s II 
c—c 


N-R 


: C—C 

\ / II 

CH 0 
An N-alkylphthalimide 


/ 

\ 

HC 

c-cor 

1 

II 

HC 

c-COr 


+ RNH, 


\ / 

CH 


The alkyl halide and potassium phthalimide are warmed in a solvent, di- 
methylformamide being particularly good, and then the N-alkylphthalimide 
is hydrolyzed in acid or alkali to yield the amine. 

Hofmann readion. This reaction proceeds by way of two intermediates 
w'hich may be isolated under certain conditions. 

RCONTI, -1- Rrj -1- 4NaOH RNHi -t- NajCOj -f 2NaBr -|- 2H,0 

The first step is the formation of an N-bromoamide through bromination 
by the hypobromite ion. (Recall that halogens in alkaline solution exist as 
hypohalite plus halide ions.) The N-bromoamide then undergoes a molecular 
rearrangement to yield an isocyanate. This suffers hydrolysis to give the 
amine. 

R_C=(J ^ R-C=0 ^ R-N==C=0 R-NH, + COr 

I I A 


NH, NHBr 

Amide N-Bremo- AJkyl 

Bcylaniide isocyanate 

Redxiction of nitriles, nitroalkanes, or amides 


Amine 


RCN ^ RCH,NH» 
RNO, ^ RNH, 


RCONH,^RCH,NH, 


R.A. = Na in EtOH, or LiAlH 4 
R.A. = LiAlH,, or Sn or Zn in HCl 
R.A. = LiAlH4 
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In each of these reductions, catalytic hydrogenation may also be used, but 
often the elementary laboratory is not equipped to do so. 

Schmidt reaction. This reaction was discussed in connection with the chem¬ 
ical properties of carboxylic acids (page 347). 

RCOOH) 

or r -|- HNi —► RNHi COj -f* N» 

RCOCl J 


It can be seen, therefore, that aliphatic primary amines may be prepared 
from several different classes of compounds. 


RX 

RCONH, 

RCOOH 

RCOCl 

RNOj 

RCONHa 

RCN 



LiAlfl^ reduction 


Na in Alcohol reduction 


RNH, 


RCHaNHa 


Preparation of aromatic primary amines. Primarj' aromatic amines are usu¬ 
ally prepared by the reduction of the corresponding nitrobenzenes. The most 
common procedure is to use a metal in acid solution. 


NO, -h M -(- M“+ M = Zn, Sn, Fe, or SnCl, 


Occasionally, catalytic hydrogenation or electrolytic reductions are used. Pri¬ 
mary amines may be prepared also by ammonolysis of aryl halides; although 
the reaction is not convenient to carry out in the elementary laboratory. 

+ 2 NH 3 ^NH, -b NH 4 X 


Preparation of secondary and ferdary amines. 

Alkylation of lower amines.' 

' In addition to the methods given here, tertiary amines of the type RN (CHt)* can be 
prepared conveniently by the action of formic acid plus formaldehyde on primary amines 
(Cf. A. C. Cope, et of., J. Am. Chem. Soc., 77,1628 (1955), 

RNH, + HCOtH + H,CO R-N(CH,), 

A 
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HX 

RNH, R—NH—R' 

or + R'X —* or 
«NH, ^ ^NH—R 

HX 



R' 

R,NH 

I 

R,N;HX 

or -b 

R'X -^ or 

4>NER 

4 


^-NH;HX 

I 

R 


R 


\ 


NkOH 


R' 


/ 


NH 


or 


R' 


\ 

1 

/ 


NH 


R' 


NiOH 


R,N 

or 

N—R 


R' 


In the preparation of the secondary amine, some tertiary amine is also pro¬ 
duced and can be remo%ed by fractionation, or better, by the Hinsberg 
method (see page 412 b Similarly, in the preparation of the tertiary amine, 
some quaternary ammonium salt is produced, which may easily be removed 
owing to its water solubility. 

Reduction '>j amides. N-Alkyl amides of the types R—CONHR and 
R—CONRj may be reduced with LiAlH 4 to secondary and tertiary amines, 
respectively. 


CH,CHr-C=0 CH,CH,CH, 

1 1 


NH 

1 

NH 

M ethylpropylamine 

CH, 

1 

CH, 


0 

/ 

C,H»-C 

C,H, 

C,H,-CHr-N-C,H, 


\ 

N(C|H(): Benzyidiethylamine 


Hydrolysis of nitrosoanilines. Nitroso derivatives of N,N-dialkylaniIine8 
hydrolyze in base to yield secondary amines. 



R,NH + HO 



N=-0 
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Preparation of quaternary ammonium aalte. These salts are prepared by 
gently warming an alkyl halide with a tertiary amine in a solvent like alcohol. 
The salt precipitates as a clean, usually colorless, crystalline material. 

R,N + RX R4NX 

In alcoholic KOH or with silver oxide, the salts may be converted to the 
corresponding hydroxides. 

R4NX + KOH.U. R4NOH + KX 

The tetraalkylammonium hydroxides are strong bases like sodium hydroxide, 
and are completely ionized in aqueous solution. 

c. Physical properties of amines. (See Table 16.1.) In addition to hydroxylic 
compounds, amines also forni hydrogen bonds. For example, primary and 


TABLE 16.1. PHYSICAL CONSTANTS OF SOME AMINES 


i 

i 

Name 

1 

Melting 

Point 

1 Boiling 
Point i 


Methylnmine 

-92 

-7.5 

4.4 X 10-‘ 

Diniethylamine 

-96 

7.5 

5.1 “ 

Trimethylainine 

-117 

3 

0.6 “ 

Ethylamine 

-80 

17 

4.7 " 

Diethylamine j 

-39 

55 

9.5 “ 

Triethylamine ! 

-115 

89 

5.5 " 

n-Propyl amine | 

-83 

49 

3.8 " 

n-Butylamine j 

-50 

78 

4.1 “ 

Cyclohexylarninc 

[ ' 

134 


Benzylamine 


185 

0.23 " 

Aniline 

-6 

184 

4.2 X 10-'» 

N-Methylaniline 

-57 

196 

7.1 " 

N,N-Dimethylaniline 

3 

194 

11 

3 >-Toluicline 

44 

200 

12 

p-Anisidine 

57 

244 

15 

p-Nitroaniline j 

148 

332 

0.001 " 


secondary amines form N—H • N hydrogen bonds with themselves, which 
makes them have higher boiling points than isomeric tertiary amines which 
cannot form the hydrogen bonds. 


CH:-CH, 

I I 

CH, CH-CHj 


\ / 


N 

I 

H 


2>Methylpyrrolidine 
B.p, - 100' 


CHr 


-CH, 


in, in, 

V 

in, 

N-Methy Ipyrrolidine 
B.p. - 79' 
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A good example of intermolecular forces decreasing with diminishing hydro¬ 
gen bonding is found in the methylhydroxylamines. 


Compound 

Melting 

Point 

Boiling 

Point 

AHv,p. 

csl/mole 

HONHCH, 

38.5“ 

115“ 

11,880 

HON(CH,), 

17.6 

100.6 

9,670 

CHjONH, 

-86.4 

48.1 

7,710 

CH,ONH(CH,) 

-97.0 

42.3 

7,440 

CHiON(CH,)2 

-97.2 

30.0 

6,410 


The same trend is found for the melting point, boiling point, and the heat 
of vaporization. Hydrogen bonds involving OH groups are stronger than 
those between NH groups, as shown by the big differences when the OH 
group is methylated. 

A hydrogen bridge may also occur between a nitrogen and an oxygen atom. 
Thus, because of association with water molecules through hydrogen bonds, 
amines have considerable solubilities in water. The primary amines up to 
n-pentylamine and the secondary amines up to di-(n-butyl)-amine are com¬ 
pletely miscible with water, whereas even the first tertiary amine (tri- 
methylamine) is only 41 per cent soluble and the higher tertiary amines are 
practically insoluble in water. Hence, polyhydroxy and polyamino compounds 
have marked water solubilities as a result of hydrogen bonding with water 
molecules. Because of this fact, they can serve as nonionic detergents (page 
390). The solubilities of amines in ether are in direct contrast to those in 
water. As the hydrocarbon to amine group ratio decreases, the solubility in 
ether decreases and the water solubility increases. For example, ethylenedi- 
amine is practically insoluble in ether, but the higher polymethylenediamines 
are soluble. 

Amines are the typical organic bases. Toward protonic acids, their basicities 
are of the same order of magnitude as that of ammonia, and their behavior 
in water resembles that of ammonia. 


Atninonia 


NH, + HOH 
Ki = 


4=t (NH40H) NH 4 + -f- OH- 

1NH4 ^)(0H- ) _ 

(NH.) - 


Amines 


R,N + HOH 4 =i (RiNHOH) 4 =s R,NH+ + OH" 




(R,NH)(OH~) 

(R.N) 
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Thus, ammonia and the amines are weak bases but strong enough to give a 
basic reaction to litmus paper. To protonic acids, the order of relative base 
strength is found to be R2NH > RNH* > RaN > NH3, revealing that the 
substitution of alkyl groups for hydrogen of ammonia increases the base 
strength of the nitrogen.* 

Since hydrogen atoms are more electronegative than alkyl groups, hydrogen atoms 
pull the shared pairs of electrons away from nitrogen more than do alkyl groups, mak¬ 
ing the nitrogen of ammonia less willing to share its lone-pair electrons with an acid. 
Hence, one would expect the amines and ammonia to have base strengths in the order 
> RjNH > RNKa > NHj. H. C. Brown and his co-workers have shown, how¬ 
ever, that the re.^:rence acid is of tremendous importance in determining the relative 
base strength of two or more amines. For illustration, in accordance with the empirical 
rule that “stronger base liberates weaker base from its salt, ' trimethylamine liberates 
pyridine from its salts v/ith HCl BKa, and BFa, indicating that trimethylamine is the 
stronger base to these acids. 

(CHi),N: -f CJIjN-.HCI (CH,),N:HC1 + CsHjN: 

Pyridine 

hydrochloride 

(CH,),N: + CsHiNiBHa ^ (CH,),N:BH, + CiH^N: 

(CH,),N: -f- C5H*N;BF, - (CTDsNiBF, + C5H,N: 

On the other hand, to B(CHi )3 pyridine is the stronger base and liberates trimethyl¬ 
amine from the salt. 

-h (CH,)3N:B(CHa)3^CJl.N:B(CH3),+ 

This reversal in relative base strengths is due to steric hindrance. 



Owing to the overcrowding in the salt at the interface of the base-acid, a salt may be 
BO unstable that there is little tendency for it to form, thereby resulting in a low ap- 

* It is noteworthy that the opposite electron-withdrawing effect of many fluorine atoms 
makes the perfluoroamines such weak bases that they do not form salts with even very 
strong acids such as AlCU- 
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parent base strength for the amine. In pyridine, the atoms attached to nitrogen are 
held back out of the front plane of the nitrogen atom and do not interfere with its 
neutralisation. 


CH 


/ 


\ 


CH-CH CH, 

\f.i—CH, 


CH—CH 


/ 


in. 


Another illustration of this steric effect upon relative base strengths is found by 
changing the size of the alkyl groups on nitrogen. Upon increasing the bulkiness of 
the alkyl groups on the nitrogen of ammonia, the following orders of relative base 
strengths toward trimethylboron are found. 


Alkyl Group 

CH,- 

CHaCHT-- 

(CH.),C- 


Relalive Base Strength to B(CHi)i 
RjNH > RNH, > R,N > NH, 
R,NH > RNH2 > NHa > RaN 
RNH2 > NH> > R2NH > RJ^ 
NH, > RNHa > R*NH > RbN 


Thus, as the size of the alkyl group increases, thereby increasing the steric repulsion 
in the salts, the relative base strengths diminish until finally ammonia is the strongest 
base. Furthermore, with the increase of the size of the alkyl groups on the acid, the 
steric hindrance increases even more rapidly, and with tri-i-butylboron, the last se¬ 
quence above occurs even when ethyl groups are on the nitrogen. 

Since amines are weak bases, their salts, which are completely ionized in 
w'ater, hydrolyze just as do ammonium salts. 

NHi + 2H0H (NH 4 OH) + HjO R,NH + 2 HOH (R 3 NHOH) + HaO 

^ 10-^^ 

Khydrolyiii =* ” 10“® ^ 


Accordingly, aqueous solutions of amine salts are just on the acid side of 
neutrality. This is due to hydrolysis and not to the splitting off of the acid. 
That is, RgN : HCl is not acidic because of the HCl in the salt, but is acidic 
because of the weakness of the base; in other words, it is acidic because the 
RbNH**^ ion takes an hydroxide ion from water to liberate a proton. The salts, 
of course, are insoluble in ether and have very small volatilities. 

Aromatic amines are much weaker bases than aliphatic amines. For exam¬ 
ple, the Kb for aniline is about As a rule, alkyl groups increase the basic¬ 
ity of nitrogen, and aryl groups decrease the basicity of nitrogen. This may be 
seen qualitatively from the following generalization; 


Aryl Amines 

«NR, > <<>NHR > 0NH. 

Form salts and 
dissolve in dilute 
strong acid 


Diaryl Amines 
(I>2KR > 

Form salts with 
cone, strong 
acids only 


Triaryl Amines 
«bN 

Do not form 
salts 
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AUPHATIC AMINS6 

RNH, + HONO -4 ROH + Ni + H,0 (1) 

R,NH + HONO ► R,N—NO + HOH (2) 

N-NitrOBoamine 
(yellow or green, 
water-inaoluble, 
ether-aoluble) 

R,N + HONO ► R,N: HNO, (3) 

A salt 

This contrasting behavior of the amines with nitrous acid is occasionally used 
to diiTerentiate the three classes of amines. Thus, a primary amine liberates 
a gas (N 2 ), a secondary amine gives a water-insoluble oil, sometimes yellow 
in color, and a tertiary amine merely gives a water-soluble salt. Reaction (1) 
is sometimes used as a method of replacing an NH 2 group by an OH group. 
The reaction usually gives low yields and several side products, so it is 
employed as a step in a multistep synthesis only when it is unavoidable.* 

The primary amine and nitrous acid react to produce a diazonium ion which de¬ 
composes to a carbonium ion. The latter may then react to produce an alcohol, alkyl 
halide, nitrite ester, or olefin, or it may rearrange and then yield the isomeric set of 
compounds. 



' The replacement of NH 2 by OH can be done in a fairly good yield by the series of 
reactions; 

RNH, —RNHCOR' RN(NO)COR' ^ RO—COR' ^ ROH 

A A 

This route uses reactions that are simple to carry out, but is more than a short step from 
the amine to the alcohol (E. H. White, Amer, Chem, Soc.^ 77, 6011 (1955)). 
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AROMATIC AMINES 

In contrast to the aliphatic amines, aromatic amines give relatively stable 
diazonium ions upon reaction with nitrous acid. This is known as the diago- 
tiialion Teaclion. 

«-NH,+ + HONO 4 ^N=N + 2H,0 

A diazonium 
ion 

Here is another example of the stabilizing effect of resonance. The aromatic diazo¬ 
nium ion is a resonance hybrid of several forms. 



AnalogouB slrurturea are not possible for aliphatic ions 


Nitrous acid is not a stable acid and is not kept in stock. It is prepared 
when needed by adding hydrochloric or sulfuric acid to a nitrite salt. In this 
acid medium, the amine i.s present as the salt. Diazonium ions form soluble 
salts w'ith some anions and insoluble salts wdth others, just as some silver 
salts are water soluble and others are not. Usually, chloride and sulfate di¬ 
azonium salts are water soluble, and fluoroborates, naphthalene.8ulfonates, 
and trifluoroacetates are insoluble. The water-soluble salts ionize and are 
stable in cold water but react with water when heated. They decompose easily 
in the dry state. On a commercial scale, these salts must be handled very 
carefully. They may be linked with zinc chloride to form stable double salts. 

The major importance of diazonium salts is their use for preparing many 
classes of compounds through replacement of the diazonium group: 

1. By OH; 

50 - 100 ® 

^N,+ + 2H,0-^ <M)H + N, + H,0+ 

This reaction is used for the laboratory preparation of phenols. When 
the cold diazotization reaction mixture is warmed up, the diazonium 
ion reacts to form the phenol. In the case of aliphatic amines, the 
intermediate diazonium ion is unstable and decomposes immediately 
to form the alcohol. 

H. By I, Cl, Br, CN {GaUermann reaction): 

«-N,+ + KX^4^X + K+ + N, X = I,Br,Cl,CN 

The catalyst is not required when X = I. Better yields are usually 
obtained with cuprous salt, and the reaction is then called the Sand- 
meyer reaction. 

^—Ni'*’ + CuX X + Nj + Cu"*" 


X - Cl, Bt, CN 
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Notice that these reactions provide methods for preparing iodoben- 
zenes and benzonitriles (phenyl cyanides). 

3. By F {Schieviann reaction): 

«N,+ + BFr «N,BF4 ^F + N, + BF, 

This reaction provides a good method of making aryl fluorides. The 
benzenediazonium fluoroborate salt is usually insoluble in water, and 
precipitates when the fluoroborate ion is added in the form of fluoro- 
boric acid (HBF 4 ) or its sodium salt. The diazonium salt is filtered, 
dried, then heated to decomposition, yielding the fluorobenzene and 
huge volumes of BFj and nitrogen. ‘ An alternative modification of 
this reaction has been to diazotize in fluoroboric acid and decompose 
the diazonium fluoroborate in aqueous acetone in the presence of 
cuprou.s chloride. 

4 . By NOt: 

+ NOr^ 9 —NO* + BF 4 - -|- N, 

5. By H (Deamination): 

^ + N. + H,POa 

4 .N*BF 4 H + N, 

A variety of reducing agents may be used to reduce the diazonium 
salt. Hypophosphorous acid and sodium borohydride are two that 
generally give good yields. Furthermore, the use of DaPOj makes it 
possible to replace the diazonium group by deuterium, 0 Nj+ —♦ ^—D. 

6. By aryl: 

-Nj+ + H —* + Nj + H+ Base = NaOH, or AcONa 

Sodium acetate is generally a good catalyst. This is the method men¬ 
tioned in Section 8.3a for making unsyminetrical biphenyls. It is a 
weak reaction and, if there is a choice, the reaction is carried out so 
that m-directing groups are not in the ring. For illustration, if it is 
desired to prepare w-nitro-p'-methoxybiphenyl, the best method would 
be to use m-nitrobenzene diazonium ion with anisole. 

* In contrast to this, ^NiBCh aalta decompose vigorously, sometimes explosively, when 
healed (Olah and Tolgyesi, J. Orq. Chem., 26, 2053 (1961). In some cases, hexafluoro- 
phosphoric acid, HPF*, is better than fluoroboric acid. For instance, anthranilic acid gives 
19 and 78 per cent yields, respectively, with HBFj and HPFi (K. G. Rutherford, ft of., 
J- Ory. ChetH., 26, 5149 (1961)). 
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The alternative coupling would give a low yield. 


NO, 



7. By acyl: 


H-CH=N-OH 

2"^ “I" -^ 

R—CH=N0H CO—R 

Yields of aldehydes or ketones are less than 50 per cent, but even this 
is sometimes higher than is obtained by other methods. 

8. Coupling reactions: 

The diazonium ion is a weak electrophilic reagent and reacts with 
aromatic rings containing very strong electron-releasing groups such 
as the OH, —0", NH,, and NR, groups. 



This reaction was mentioned in the chapter on phenols. Since the —0~ 
group is more electron-releasing than the OH group, phenols couple 
faster in alkaline solution than in acid. However, in alkaline solution, 
diazonium ions form diazohydroxides reversibly: 
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+ OH- 

^NssN ;=i^N=N—OH 

HiO^ 

Bensen« Beneenediazo- 

diazonium ion hydroxide 

The diazohydroxides do not couple; hence the coupling reaction should 
not be done in a strongly alkaline reaction. Similarly, in coupling 
diazonium ions with amines, the solution should not be strongly acidic, 
in which all of the aniline is converted to anilinium ion, nor too basic 
to lose the diazonium ion, A compromise is reached such that coupling 
of diazonium salts is best done with amines in weakly acidic solutions 
and with phenols in mildly alkaline solutions. 

Unsymmetrical azobenzenes can also be prepared by condensing nitroso- 
benzenes with aromatic primary amines: 

0_-N=O + .^N=N— 

The preparation of nitrosobenzenes by the reduction of nitrobenzenes is taken 
up in Section 16.4b. 

Secondary aromatic amines react with nitrous acid to yield blue N-nitroso 
compounds; 

^NH + HOMO ^N—NO + H,0 

N-Nitroeo-diphenyl 

amine 

Acylation of amines: The reaction of amines with acid halides and anhy¬ 
drides to give amides was discussed in Section 14.3. 

R_C=0 



Cl 


R—C=() 


or 

R'NHr 

1 

NHR' 

R- 

-C=0 + 

1 

or ^ * 

or 


1 

0 

1 , 

Rj'NH. 

R—C=0 

R- 

-c=o 


NR,' 


tft —NHi -|- AciO —* —NHAc -1- AcOH 
Acetanilide 

Amides of a sulfonic acid are formed when an arylsulfonyl chloride is used: 

SOjCl + H—NR. — «SO,NR. + HCl 

This reaction forms the basis of distinguishing, as well as separating, primary, 
secondary and tertiary amines. Since the reaction consists of a replacement 
of a hydrogen atom on the nitrogen by a sulfonyl group, only the primary 
and secondary amines react: 
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+ H—NHR ^*-~SO,NHR + HCl 
Alkali Boluble, 
acid inaoluble 

^0,C1 + H-NR, ► ^0,NR, + HCl 

Alkali and acid 
insoluble 

^—SO 2 CI + NRa No reaction: NR 3 remains 

Acid soluble, 
alkali insoluble 

Thus, if the product is insoluble in dilute alkali but soluble in dilute acid, it 
is the unreacted tertiarj^ amine; if the product is insoluble in acid and base, 
it is the amide of a secondary amine; and if the product is insoluble in acid 
but soluble in alkali, it is the amide of a primary amine. These three solubility 
characteristics are different and distinguish the three classes of amines. These 
distinct differences in solubility may be used to resolve mixtures of the three 
classes of amines, called the Hinsberg separation. 

Himherg fieparation of amines: 



rC.H,SO,NHR'| 

[ (1) Diuolve CiHiSOiCl 

CeHjSOjNR, 

r in ether - k ^ 

R,N 

) 

^C,H,S0,C1 


(2) Extrut with oold 
dilute hydrochlo¬ 
ric acid 


R,N 


(3) Add 

fR,NHCl 

ICJIiSO; 


ih; 


acid 

phan 


{C,H4S0jNR,} 


(4) Extract 

iUktu"* fCJI,SO,NHR'l 


EtiO phue 


(7) Diatill off 
EtiO, iiy- 
drolyae in 
acid 


{C»H.SO,H 


CS) Add 
excew 
alkali 


A. HiO» 


lC,H,SO,NR, / 


aqueoue 

pba^ 


+ C,H,SO,NRNa+ 
+ R,NH,) 


HiO, A 


RjNH 


{C.H*SO,H 


fB) Aoidifv and 
hydroiyie in 


acid 


+ RNH,} 

(6) Add 
excaae 
alkali 


RNH, 
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Any quaternary ammonium salt in the mixture is immediately removed when 
the mixture is dissolved in ether ; the salt is ether insoluble. The ether solution 
is then treated with benzenesulfonyl chloride, and only the primary and sec¬ 
ondary amines react. When this solution is extracted with dilute hydrochloric 
acid, unreacted benzenesulfonyl chloride hydrolyzes to the water-soluble ben- 
zenesulfonic acid, and the tertiary amine forms a water-soluble hydrochloride 
salt. This aqueous phase is then made alkaline (step 3) to liberate the tertiary 
amine as the free base. Then the ether solution of the sulfonamides from 
the primary and secondary amines is extracted with alkali (step 4). The 
amide of the primary amine is acidic and goes into the aqueous alkaline 
phase. ‘ This solution is aciditied (step 5), refluxed to hydrolyze the amide, 
and made alkaline (step 6) to liberate the free base, RNH*. The ether solution 
of the amide from the secondary amine is distilled (step 7) to remove the 
solvent, the residue is acidified and heated under reflux to hydrolyze the 
amide, then made alkaline (step 8) to liberate the secondary amine. 

Another use of the acylation products of amines is the conversion of the 
amines to the corresponding halides. In this case, benzoyl chloride, CeHiCOCl 
is used. 

RNH, RNH-COC,H, RX 

The last step is known as the von Braun reaction. 

Oxidation of amines: The oxidation of tertiary amines with aqueous hydro¬ 
gen peroxide yields amine oxides. 

R,N + H,0, R,N—0- + H,0 

The bond between nitrogen and oxygen is a coordinate covalent bond (also 
known as a semicovalent or dative bond) from which there are formal charges 
on the nitrogen and oxygen atoms as shown. This gives the amine oxides 
considerable saltlikc character, as shown by their high boiling points, water 
solubilities, and ether insolubilities. For example, trimethylamine boils at 4° 
and is soluble in ether, in contrast to trimethylamine oxide which melts at 
208° and is insoluble in ether. The basic character of the oxygen is revealed 
by its nucleophilic displacement reactions with alkyl halides and its salt 
formation with acids. 

RjN—0" -h R'X —♦ (R,N—OR')X~ Trialkyl-alkoxyammonium halide 

RbN— 0“ -h HX -+ (RaN—OH)X“ Trialkyl-hydroxylammonium halide 

The reactions of the first product with sodium hydroxide and of the second 
product with sodium alkoxide yield two isomeric compounds. 

‘ BenzeDesulfonamides uf aliphatic and alicyclic primary amines with more than six 
carbon atoms are usually insoluble in aq. alkali. P. E. Fanta and C. S. Wang, J. Chem. Educ., 
41, 280 (1964). 
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+ NaOH ^ 

(R,N—OR')X--► (R,N—OROOH- 

(RjN-OH)X- (R,N-OH)OR' 

This demonstrates that four of the bonds to nitrogen are of one type (co¬ 
valent), and that the fifth is different (ionic). 

Aromatic amines are easily oxidized, and most oxidizing agents convert the 
amines into quinones and other oxidation products. Sodium perborate in 
glacial acetic acid will oxidize substituted anilines to the corresponding azo¬ 
benzenes in low yields. Acylation stabilizes the amine, and sufficiently so to 
permit the oxidation of a CH 3 group without oxidizing the rest of the molecule. 

AcNH—CH, AcNH—/^V-COOH 

Reaction of chloroform with 'primary amines: When heated with chloroform 
in alkaline media, primary amines produce isocyanides. 

RNH, - 1 - CHClj -I- 3NaOH -♦ R—NC -h 3HjO + 3NaCl 

An 

isocyanide 

The isocyanides are readily detectable by their strong, garlic-like odors. 

Active hydrogen atoms: Primary and secondary amines react with such re¬ 
agents as Grignards, sodium metal, and acid halides and anhydrides in the 
same fashion as does water. Except for sodium metal, equations for these 
reactions have been given several times in connection with these reagents. 

RNH, 4 - Na - RNHNa -H JH, 

Lacking nitrogen-attached hydrogen atoms, tertiary amines cannot react in 
this way, but they do react as bases. Thus, they coordinate with metal ions, 
including Grignards, and may even serve as solvents for Grignards in place 
of ethers. 

Complexation: Aliphatic amines form complexes with metal cations just as 
does ammonia: 

H,N:Ag:NH,j 

Silver-ammonia complex 

NH, ■]++ 

H,N: Ciu: NH, 

NH, 

Copper-ammoiiJa complex 

Cu++ + 4NH, Fi Cu(NH,)*++ 

Ag+ -|-2NH,i=iAg(NH,),- 




R,N:Ag:NR, 


Silver-amine complex 


++ 


NR, ■ 

R,N : Cu: NR, 

NR, J 

Copper-amine complex 

Cu++-l-4RJtJz;±Cu(RJ^)- 
Ag+ -|-2R,Ntpi^(^M 


,++ 



nitrogen compounds 


415 


Hence, concentrated solutions of amines prevent the precipitation of copper 
hydroxide and silver oxide from alkaline solutions. In all these comparisons 
with ammonia, R 3 N is used to represent primary, secondary, and tertiary 
amines, since all three classes behave similarly with respect to complex forma¬ 
tion in the absence of steric effects. 

On the other hand, amines differ from ammonia in the fact that ammonia 
does not burn in air, and amines do. The first few amines have odors re¬ 
sembling that of ammonia, and upon going up the homologous series the 
odors change to a fishlike odor, and finally to very repugnant odors. Amines 
form charge-transfer complexes (page 469) with polynitro compounds and 
often the picrates are used as derivatives. 

Aromatic amines undergo some additional reactions because of the presence 
of the aromatic ring. The amino group is very strongly ring-activating; and 
aniline, like phenol, yields a tribromo product very rapidly; 


Br 


NHi -t- 3Brj Br—-|- 3HBr 

Br 


Diazonium salts couple with phenols and anilines to give azo compounds; 



This reaction takes place with only a trace of phenol or aniline and provides 
a qualitative test for primary aromatic amines. An unknown is treated with 
cold nitrous acid and then added to an alkaline solution of a phenol. If the 
unknown is an aromatic primary amine, it will be diazotized by the nitrous 
acid, and in the alkaline solution, the diazonium ion will couple with the 
phenol to give a bright red color. If the unknown is not an aromatic primary 
amine, a diazonium ion would not be formed, nor would a deep coloration 
appear. This reaction provides a second method of making unsymmetrical 
azobenzenes. (See page 411.) 

N,+ -1- ^ 4 —N=N—NH, 

The amitw group may be removed by deamination, if it is so desired. Sym- 



416 


TEXTBOOK OF ORGANIC CHEMISTRY 


metrical azobenzenea are prepared by reduction of nitrobenzenes wi^ LiAlHi 
(cf. Table 16.4). 


Hofmann Tearrangement 

When heated in strong acid media, N-substituted anilines suffer a rearrange¬ 
ment, and the substituent migrates to the para position. If the para position 
is already occupied, a small amount of ortho rearrangement will take place. 



\ 

■V 


/ I r * 

H / 

✓ 



This reaction may be used for the preparation of symmetrical biphenyls 
from nitrobenzenes. Reduction of a nitrobenzene with Zn— KOH.ic, yields 
the respective hydrazobenzene, which may then be subjected to a Hofmann 
rearrangement to yield a p,p'-diamiiiobiphenyl. 



Since the products are substituted benzidines, the reaction is known as the 
benzidine rearrangement. If it is desired, the amino groups may be removed by 
deamination. 


The benzidine rearrangement is an intramolecular reaction involving the diammo¬ 
nium salt. 
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Several techniques have shown that the reaction is intramolecular and not inter- 
molecular. The point is to show that the hydrazobenzene does not split into two frag¬ 
ments and then fragments from different molecules combine. The strongest evidence 
comes from experiments in which a mixture of two different hydrazobenzenes is used. 
For example, with I and II, in which I is labeled with C*', less than 0.03 per cent of 
the crossover product III is obtained. 




e. Uses of amines. Amines are used commercially for producing amides 
to be used as detergents. Amine salts of carboxylic acids are used extensively 
as herbicides. Aryl amines are used extensively as intermediates for the com¬ 
mercial production of dyes, drugs, photographic developers, and textiles. 
They are also used as antioxidants in rubber. They serve, too, as starting 
materials for the synthesis of many compounds by way of.the diazotization 
reaction. In fact, the nitroanilines are such strategic compounds for the 
preparation of other classes of compounds that the student should be certain 
that he can prepare them from benzene. For the student's benefit, the prep¬ 
aration of the nitroanilines will be discussed here. 


m-NUroaniline. The easiest to prepare of the three isomers is m-nitroaniline, 
because m-dinitrobenzene is produced directly by the nitration of benzene. 




-I-2HOH 


m-Nitroaniline is prepared from dinitrobenzene with enough reducing agent 
to reduce only one nitro group. Also, since aniline forms the salt in acid solu¬ 
tion and the NHs'*' group is m-orienting, aniline gives m-nitroaniline upon 
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nitration in concentrated sulfuric acid. The yield is low, however, owing to 
oxidation of the aniline salt. 


0- and p-Nitroanilines. 



Aniline is first acetylated, and then either nitrated or sulfonated. The —NHAc 
group is o,p-directing, but the para isomer predominates. The acetyl group 
may be hydrolyzed off readily upon heating in acid or alkali. For making the 
o-nitroaiiiline, the para position is blocked with the —SO»H group, which is 
later removed upon heating in mineral acid. 

It is difficult to make m-nitrotoluene, and a demonstration of its preparation 
will be beneficial to the student. 



Aniline is prepared from benzene by nitration and reduction of the nitro 
group. Aniline is then alkylated, the N-methylaniline carried through a 
Hofmann rearrangement, and the resulting methylaniline acetylated. Al¬ 
though two products may result from its nitration, the NHAc group has the 
stronger directing influence, so p-CHj—C bHi—NHA c yields mostly 2-nitro- 
4-methylacetanilide. This is then hydrolyzed and deaminated. 

It is to be noted that the reduction of nitro groups and the oxidation of 
alkyl groups take place by one group at a time. Thus, when there are two 
nitro groups on the ring, one may be reduced without affecting the other by 
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using just enough reducing agent for one group. Similajrly, one alkyl group 
is oxidized to a carboxyl group before a second group suffers oxidation. This 
should be done only when the alkyl groups are the same, because the pref¬ 
erential oxidation of alkyl groups is not always possible,* 

The student is now capable of developing many syntheses. To forewarn him, 
the following precautions are given; 

1 . Do not diazotize 4 >—NOj for ^NH*. 

2 . Do not nitrate with HONO for HONO*. 

3. Do not carry out reactions with diazonium ions other than replacements 
of the diazonium group; that is, do not attempt to nitrate or brominate a 
diazonium salt. 

4. When diazotizing a diamino compound, plan to diazotize both amino 
groups (tetrazotization); otherwise the second amino group would cause the 
diazonium salt to condense with itself. 

5. When possible, prepare alkyl benzenes by the Friedel-Crafts reaction 
rather than through the use of the two successive steps, halogenation and 
Wurtz-Fittig reaction. 


STUDY EXERCISES 

1. Illustrate by general equations (a) the alkylation of ammonia, (b) Gabriel’s 
synthesis of amines, (c) the Hofmann reaction. 

2. Illustrate by general equations the reactions of nitrous acid with (a) primar}' 
and secondary amines, (b) primary and secondary nitroalkanes, (c) n-butyramide. 

3. Describe how nitrous acid could be used to distinguish primary, secondary, and 
tertiary amines. 

4. Write general equations for (a) the acid reduction of nitrotoluene to toluidine; 
(b) diazotization of aniline; (c) acetylation of aniline; (d) replacement of the diazonium 
group by OH, H, I, Br, F, NOa, and (e) a Hofmann rearrangement; (f) coupling of 
a diazonium salt with aniline; (g) the preparation of o-, m-, and p-nitroanilines. 

5. Illustrate by equations the reactions between aniline and (a) ethyl iodide, (b) 
propionyl chloride, (c) acetic anhydride, (d) cold nitrous acid. 

6. Is an aqueous solution of diethylamine hydrochloride acidic or basic? Why? 

7. Describe the Hinsberg method of separating primary, secondary, and tertiary 
amines. 

8. Which has the smaller concentration of cupric ions, a solution of copper nitrate 
to which an excess of sodium hydroxide has been added or a solution of copper nitrate 
to which an excess of ammonia has been added? On what basis do you give your 
answer? 

9. How can the following substances be distinguished from each other by qualita¬ 
tive test-tube experiments: (a) CiHtNHi, (b) CiHjNHCHi, (c) (CHsliN? 

10. Predict which isomeric amine has the greater solubility in water and give the 
basis of your answer, trimethylamine or methylethylamine. 

11. Explain through the use of structural formulas why benzenediazonium ions 
undergo nucleophilic substitution reactions: 


* However, see L. N: Ferguson and A. I. Wims, /. Org. Chem., 26, 668 (1960). 
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■NasN 


Y- 



NeN + X- 


TEST QUESTIONS, Set 16 

1 . What is the pH of a 0.1 iV aqueous solution of diethylamine? K 6 « 1.26 X 10 “*. 

2 . Indicate the sequence of reactions one could use in the laboratory to convert 
propyl iodide into propylamine, and what weight of propylamine could be produced 
from 17 g of propyl iodide if each step takes place in a 00 % yield? 

3. Work problem 2 for the conversion of propyl iodide into n-butylamine. 

4. W^hat volume of nitrogen gas, measured at 745 mm and 25°, will be collected 
if 0.15 g of butylamine is treated with nitrous acid, and the nitrogen is collected with 
98% efficiency? 

5. Wliat is the molecular WTaght of a monoamine if a 0 . 22 -g sample produces 59.9 
ml of Nz, measured at 25® and 738 mm, assuming the per cent efficiency of collection 
of nitrogen is 95%? 

6 . A 10-g sample of urine w’as treated with nitrous acid and the Nj collected 
over concentrated KOH. W’hen the volume of the gas was corrected to standard con¬ 
ditions, it was found to occupy a volume of 89.6 ml. What was the percentage of urea, 
(H 2 N) 2 C 0 , in the sample? 

7. W'hat is the concentration of hydroxide ion in 200 ml of an aqueous solution 
containing 5 g of isoamylamine? Kt, = 5 X 10“^ 

8 . How could one separate and isolate the components in a mixture of octanoic 
acid, n-octylamiiie, and 2 -octanol without resorting to fractional distillation other than 
the separation from ether or chloroform? 

9. What series of laboratory reactions could be used to convert methyl n-propyl 
ketone to n-propylamine? 

10 . WTiat are two different qualitative test-tube experiments which could be used 
to distinguish pure samples of the isomeric amines, n-|)entylamine and ethyl-n- 
propylamine? 

11 . Indicate the series of reactions one could use in the laboratory to prepare each 
of the following, starting with benzene in each case: (a) rn-chloroanilinc; (b) 7n-fluoro- 
benzoic acid; (c) 3,4'-dimethy)biphenyl; (d) 3-iodo-4'-methylazobenzcne; (e) 4-chloro- 
4'-bromoazobcnzene; (f) m-bromobiphenyl; (g) 2,6-dinitrophenol; (h) 3,3'Hdiiodoazo- 
benzene; (i) o-dinitrobenzene; (j) 1,3,5-tribromobenzene. 

12. How could one separate and isolate the components in the following mixtures 
without using fractional distillation other than the separation from ether: (a) salicyl- 
aldehydc, p-hydroxybenzaldehyde, N-methylaniline, benzaldehyde, and toluene; (b) 
p-chlorophenol, p-chloroaniline, p-chloro-N-methylaniline, and p-chloronitrobenzene? 

13. How can the following be distinguished by qualitative test-tube experimentfl: 
(a) C^H^NHaCl from CI--C 6 H 4 -NH^, (b) GH 3 —CaHr^NHj from CeH^NHCH*? 

14. Starting with a substituted nitrobenzene, how could 3,3'-diethylbiphenyl be pre¬ 
pared in the laboratory? 

15. If a water solution of benzenediazonium chloride show's the presence of chloride 
ion and is neutral, what is known regarding the strength of the base benzenediazonium 
hydroxide, 0 N 2 '*‘OH’“? 

16. What weight of iron is necessary to reduce lOO g of nitrotoluene to toluidine in 
acid solution? 

17. What is the relative order of basicity of aniline, p-nitroaniline, N-methylaniline, 
and cyclohexylamine? 

18. Offer an explanation for the observation that benzenediazonium chloride does 
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not couple with anisole but 2,4-<ltnitrobencenediazonium chloride does. On this basis, 
should p-toluenediazonium ion couple as readily as benzenediazonium ion? 

16.2 AMIDES 

An amide is a compound having an acyl group attached to an amino nitro¬ 
gen atom. 

R—C=0 R—C=0 R—0=0 

I I I 

NH, NHR NR, 

a. Nomenclature of amides. Amides are named under the Geneva system 
by changing the -e ending of the parent hydrocarbon to -amide. The common 
names of amides stem from the names of the corresponding acids with the 
-ic suffix replaced by -amide. When alkyl groups are attached to the nitrogen 
atom, they are so indicated by the capital N. The following examples will 
serve to illustrate these procedures. 

Structure 
CHr-CH,-C=0 

NH, 

CH,CH-CHr~C=0 
in, NHCH, 

CH,CH,CH,CH-C=0 

il N(C,H,), 

0 

II 

H C-NHC,H, 

N-Phenyl cyclo¬ 
hexane carboxamide 

b. Preparation of amides. 

Aq/lation of ammonia or amines: Either esters, anhydrides, or acid halides 
may be used to acylate an amine. Acid halides react vigorously, anhydrides 
react readily, and esters react slowly. With an acid halide then, the reaction 
is usually moderated by the use of an inert solvent (a hydrocarbon, for this 
purpose). 



0 

\ 

C—NHCjH, 



N-Ethyl benzamide 


H COCH, 

\ / 

N 



Acetanilide 


LU.C. Name 
Propanamide 

N-Methyl 3-inethyl- 
butanamide 

N,N-Diethyl 2-chloro- 
pentanamide 


Common Name 
Propionamide 


N-Methyl jfl-methyl- 
butyramide 

N,N-Diethyl a-chloro* 
valeramide 
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R'_CM) + HCl 


R'_C =0 

i + HNR, 

1 

R'_C =0 
R'—c=0 + HNR, 


I 

NR, 

R'_C=0 + R'COOH 

I 

NR, 

R'_C=0 + ROH 


OR NR, 

III industry, ammonium salts are pyrolyzed to yield amides; 

R—COOH + NH, ^ R—C~0NH4 ^ R—CONH, + H,0 

II 

0 

but in the laboratory, it is more convenient to use one of the above acylating 
agents. 

Hydrolysis of nitriles: Nitriles may be partially hydrolyzed under controlled 
conditions to yield amides. One procedure is to use an alkaline solution of 
hydrogen peroxide, 

OH” 

RCN + 2H,0, —> RCONH, + H 2 O + 0, 
and another is to use polyphosphoric acid as the catalyst and solvent. 


c. Physical and chemical properties of amides. Amides are neutral com¬ 
pounds; hence the attachment of the acyl group to nitrogen has markedly 
lowered the basicity of the nitrogen atom. Because of a large ionic character 
and intermolecular hydrogen bonding, most amides are solids (cf. Table 16.2). 


TABLE \ 6.2. PHYSICAL CONSTANTS OF SOME AMIDES 


Name 

Melting 

Point 

Name 

Melting 

Point 

Formamide 

3 

Acetanilide 

114 

Acetamide 

82 

Benzaiiilide 

163 

Propionamide 

79 

Aceto-jf>-toluidide 

147 

n-Butyramide 

116 

p-Nitroacetanilide 

216 

n-Valeramide 

106 

Sulfanilamide 

163 


Amides are resonance hybrids of structures (a) and (b) with a large contribu¬ 
tion from (b). 

R--C=0 R—C—0- 

I , II 

NR, +NR, 

(a) (b) 
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Evidence for the contribution of form (b) is provided by the fact that the 
carbon-nitrogen bond (1.38 A) is shorter than a normal C—N bond (1.47 A) 
and the carbon-oxygen bond (1.28 A) is longer than a typical carbonyl bond 
(1.21 A). That is, the carbon-nitrogen bond is neither a real C—N single bond 
nor a C=N double bond, but something in between which cannot be drawn. 
In other word.s, the actual structure is neither (a) nor (b), but some inter¬ 
mediate structure not representable by a single structural formula. Dipole 
moments and other physical properties verify the large ionic character of 
amides. 

Because of association with water through hydrogen bonding and to a large 
ionic character, the amides up to valcramide are soluble in water. Not until 
the hydrocarbon chain is three carbons in length are the amides soluble in 
ether. Formamide is one of the very few liquids having a larger dielectric 
constant than water, and accordingly, formamide is a good ionizing solvent, 
Dimcthylforrnamide is even better as a general solvent, owing to its greater 
stability. For example, dimethylformamide dissolves salts and polar com¬ 
pounds like polyhydric alcohols (usually insoluble in ether) as wtII as fats 
(in-sohible in water), and is a good solvent for conducting acetylations, chlo- 
rinations, sulfonation.s, polymerizations, and acid-base titrations. 

The amides are sharp-melting crystalline compounds and make good deriva¬ 
tives for any of the acyl classes of compounds, i.e., esters, acids, acid halides, 
anhydrides, and lactones. 

Hydrolysis of amides: Like the other acyl compounds, amides suffer hydrol¬ 
ysis upon refluxing in water. The reaction is catalyzed by acid or alkali. 


0 0 
R—-f HOH -(-R,NH 


NR, 


OH 


The reaction is usually quantitative, and a titration of the acid or base liber¬ 
ated may be used for a determination of the equivalent weight of the amide, 
or for its quantitative analysis. 

Dehydration of amides: Primary amides may be dehydrated to yield nitriles. 


R~CONHs -F C.H»SOjCl > R—CN -F UMsSOjK -F HCl 

70 ® 

The reaction is run in pyridine, which takes up the two acids in the form of 
their pyridine salts. Other dehydrating agents, such as PzOs, may be used 
but are not as convenient to handle. 

ReMlion with nitrous acid: Primary and secondary amides of the type 
RCONHj and RCONHR react with nitrous acid in the same way as do the 
corresponding primary and secondary amines. 
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RCONH, +HONO • RCOOH + N, + HOH 

RCONHR + HONO RCON(NO)R + HOH 

CoTwersion of amides to amines: The reduction of amides to amines with 
LiAlH 4 , and Hofmann’s degradation of amides to amines were discussed in 
Section 16.1b. 

Conversion of amides to imides: When diamides with their amide groups 
close together are heated, they lose ammonia to yield imides. 

0 0 

II / 

CHr-C-NH, CHr-C 

\ 

N-H + NH, 

" / 

CH^C-NH. CHr-C 



Succioimide 

Imides are compounds having two acyl groups attached to a single amino 
nitrogen atom. The most common imides are succinimide and phthalimid(' 
in which the two acyl groups are joined. 

Imides are weak acids with K^’s about 10“*“. Hence they dissolve in con 
centrated alkali and the hydrogen atom can be replaced by a metal cation. 
An example is potassium phthalimide, which is used in the Gabriel synthesis 
(page 399). N-Bromoimides are useful as brominating agents, particularly 
for brominations that proceed by free radical mechanisms. 

Like amides, imides hydrolyze in acid or alkali, but imides give two equiv¬ 
alents of acid and one equivalent of base per mole of imide. 

d. Uses of amides. Amides are used in a wide variety of ways. Nylon is a 
polyamide; Sucaryl, the sweetening agent, is an amide (saccharin is an imide); 
the substituted ureas are powerful herbicidal agents, and some amides are 
used as detergents. 

16.3 ALKYL CYANIDES AND ISOCYANIDES 

a. Nomenclature. Alkyl cyanides are alkyl derivatives of hydrogen cyanide. 
They are named by giving the name of the alkyl group, and adding the word 
cyanide. For complex compounds, cyanides may be considered as cyano deriv¬ 
atives of other classes of compounds. Alkyl cyanides are also called nitriles, 
based on the name of the acid which would be formed upon hydrolysis. 
Several examples follow: 
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CHjCN 

CH,=CH-CN 

CH,CH,CN 

(CHj)iCHCN 


Methyl cyanide or acetonitrile 
Vinyl cyanide or acrylonitrile 
Ethyl cyanide or propionitrile 
Isopropyl cyanide or isobutyronitrile 


The isocyanides (isonitriles or carbylamines) are isomers of cyanides and 
are named as alkyl isocyanides or alkyl isonitriles. Thus, CHjNC is methyl 
isocyanide or methyl isonitrile. 


b. Preparation of cyanides and isocyanides. 

From alkyl halides: 

R—X + KCN — R—CN + KX 
R-X + AgCN R-NC + AgX 

The cyanide ion, : CsJv :, has an unshared pair of electrons on both ends. 
With potassium cyanide, the major product is the alkyl cyanide; with silver 
cyanide, the chief product is the alkyl isocyanide. In both reactions, however, 
some of the other isomer is also produced. 

Cyanides from amides and aldoximes: The dehydration of amides to nitriles 
was given in Section lG.2c when the properties of amides were discussed. 

R-CONHj ^ RCN + HjO D.A. = CeH^SOiCl, SOCl,, or PjOs 

Acetic anhydride is usually used to dehydrate aldoximes. 

RCH=NOH + (CHiCOjjO R—CN + 2CH,COOH 

Isocyanides from amines: The reaction of primary amines with chloroform 
and alkali to yield isocyanides was given among the chemical properties of 
amines. 

RNH, + CHCl, + NaOH ^ R—NC + 3NaCl + 3H,0 


c. Properties of cyanides and isocyaniaes. Cyanides are fairly polar com¬ 
pounds, as shown by the data in Table 10.7, but they are less soluble in water 
than amines. For example, nitriles higher than propionitrile are only slightly 
soluble in water. They are much weaker bases than amines, too, for they are 
not soluble in aqueous acids. 

Alkyl cyanides have pleasant odors and are only slightly toxic, in direct 
contrast to isocyanides, which have very disagreeable odors and are highly 
toxic. Isocyanides boil at lower temperatures than their isomeric cyanides. 

Hydrolysis: Cyanides hydrolyze to carboxylic acids and ammonia, whereas 
isocyanides yield amines and formic acid. 
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R-CN + 2H,0 RCOOH + NH, 

R-NC + 2H,0 RNH, + HCOOH 


Addition of Grignards: Nitriles add Grignard reagents, and the products 
may be hydrolyzed to yield ketones. 

R—C=bN% R'M^-♦ C—— 

r/ 




R 


R' 


\ 

i 

/ 


C-O + Mg+* + NH«+ + X- 


ReducUon: The reduction of nitriles to primary amines was first given in 
Section 16.1b. 


R—CN ^ RCHjNHj R.A. = LiAlH4 

Na, alcohol 
Hi, cat. 

R—NC ^ RNHCH, R.A. = NaHg 

Hi, cat. 


The fact that isocyanides yield secondary amines provides evidence that the 
nitrogen atom in alkyl isocyanides is attached to the alkyl group. 

Oxidation of isocyanides: Mild oxidizing agents convert isocyanides to 
isocyanates. 

R—N=C- + HgO R—N=C=0 + Hg 

Alkyl isocyanate 

The fact that halogens add to isocyanides was formerly given as evidence of a 
divalent carbon, R—N=C, 


X 


R—NsC: + X, -♦ R—N=C 


/ 


\ 

X 


but now the electronic structure R—N^C: is believed to be the more im¬ 
portant, based on the direction and magnitude of dipole moments of iso- 
cyanides. Thus, carbon is quadrivalent but one of the valences is ionic. 
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d. Uses of cyanides and isocyanides. With the exception of hydrogen 
cyanide and vinyl cyanide, the cyanides and isocyanides have no large-scale 
commercial uses yet. However, the cyanides are important intermediates in 
multistep syntheses in the laboratory. Millions of pounds of acrylonitrile 
(vinyl cyanide) are produced annually, principally for the production of nitrile 
rubbers (Section 3.6) and synthetic textiles (Chapter 26). Commercially, acry¬ 
lonitrile is made from natural gas, coke and lime, or petroleum. 

Natural Goa IdiTie Coke PHroIewn 



16.4 NITRO COMPOUNDS 

a. Nitroalkanes. Nitroalkanes have the general formula R—NO 2 and are 
named by adding the prefix nitro to the name of the a'Kvl group, or as nitro 
derivatives of alkanes. The nitro group, attached directly to carbon, is a 
resonance hybrid of two eijuivaient structures. 

0 o- 

+ +/ 

R—N , R—X 

\ \ 

0 - 0 

This view is supported by the fact that the nitrogen-oxygen bond distances 
are identical, 1.21 A, close to the normal N=0 distance (1.18 A), but much 
less than the normal N—0 distance (1.36 A). 

f. Preparation. Commercially, nitroalkanes are prepared by the vapor- 
phase nitration of alkanes, already discussed on page 06, or by the liquid- 
phase nitration of olefins. Many nitration products are produced and are 
separated by distillation. In the laboratory, primary and secondary nitro¬ 
alkanes are produced from the respective alkyl iodides or bromides: 

R—Br + KNO, R—NO, + KBr 
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Most textbooks suggest the use of AgNOj, but it has beeu shown^ that KNOi 
or NaNOi are better, provided a solvent is used in which both the alkyl 
halide and nitrite salt are soluble.' Dimethylformamide and dimethylsulfoxide, 
(CHsliSO, were found to be suitable solvents for this reaction. In any case, 
the major side product is the isomeric nitrite ester. Separation of the isom- 
erides is easy because of the much higher boiling points of the nitroparaffins. 
See Table 16.3. 


TABU 16.3. 


Nitroparaffm 

B.P. 

B.P. 

Alkyl Nitrite 

Nitromethane 

101“ 

-12" 

Methyl nitrite 

Nitroethane 

114 

+17 

Ethyl nitrite 

1-Nitropropane 

132 

57 

n-Propyl nitrite 


Tertiary nitroalkanes may be prepared by permanganate oxidation of the 
corresponding l-carbinamines. 

RjC-NHs R,C-NOj 

2. Phf/sical properties. The mononitroalkanes are colorless when pure. 
Because of the formal charges in the nitro group, the nitroalkanes are highly 
polar compounds, as shown by their large dipole moments (3.2D) and fairly 
high boiling points. Nitromethane is about 10 per cent soluble in water, but 
the higher nitroalkanes are practically insoluble. They make good solvents 
for other organic substances. 

J, Chemical properties. 

Salt formation: Nitroalkanes exhibit tautomerism in a manner analogous to 
ketones. 

HO- Ho¬ 

lt/ .1 +/ 

R—C—N R—C=N 

I \ \ 

HO OH 

Nitro form Act form 


^ N. Komblum et al., J. Org. Chem., 22, 455 (1957). When it in expedient to do ao, primary 
and secondary nitrualkanefl may be produced by the oxidation of oximea with peroxytriflu- 
oroacetic acid (W. D. Emmons and A. S. Pagano, J. Am. Chem. iSoc., 77, 4557 (1955)). 

CFiCObH 

R,C=:NOH-> RjC^NOaH -4 RjCHNO, 

• The same situation occurs for the preparation of alkyl azides, RNj, from alkyl halides 
and sodium azide. The yield is considerably improved if a solvent is used which dissolves 
both reacUnts (cf. E. Lieber et al., J, Org, Chem., 22, 238 (1957)). 
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The ad form U a weak acid and will form aalts with strong bases. 

RCH.NOj + NaOH RCHNOrNa+ + HOH 


Secondary nitroalkanes, RiCHNOi, can also tautomerize to an act form, but 
tertiary nitroalkanes, RjC—NOj, cannot, and therefore the latter compounds 
do not form salts. The primary and secondary nitroalkanes are called pseudo 
acids (false acids) because of the slowness with which they react with bases, 
whereas true acids react instantaneously with bases. On the other hand, the 
act forms of nitroalkanes are true acids, for they react rapidly with bases. 
The rates of neutralization of nitroalkanes, then, depend on their rates of 
tautomerization to the act forms. Aqueous solutions of ad tautomers are 
conducting, but the conductivity of aqueous solutions of nitro tautomers is 
negligible. 

Tautomerism is not to be confused with resonance. Resonance does not 
involve a change in the positions of the atoms, only of the electrons. Tau¬ 
tomers may be isolated sometimes, but the forms contributing to resonance 
are imaginary and cannot be isolated. The anion of the ad form is a resonance 
hybrid of three forms. 


H 0- 

I -.•/ 

R—C=N 

\ 

0 - 

(tt) 


H 0 

I- +/ 

R—C—N 

\ 

0 - 

(b) 


H 0- 

I- +/ 

R—C—N 

\ 

0 

(c) 


Form (a) makes the major contribution, and when acid is added it adds to 
an oxygen atom, giving the ad form. Under careful conditions the ad tautomer 
may be isolated, but slowly it tautomerizes back to the more stable ntfro 
tautomer. 


Bromination: Primary and secondary nitroalkanes, like aldehydes and ke¬ 
tones (page 325), brominate readily in alkaline solution: 

(R—CHNOj)- -I- OBr- R—CH—NO, -|- 20H- 

1 

Br 

HiO 

(R,CNO,)- + OBr- —► Rr-C—NO, + 20H- 

I 

Br 


Only alpha halogenation takes place; hence, tertiary nitroalkanes are unre' 
active. 


Reaction with nitrous add: Primary and secondary nitroalkanes react with 
nitrous acid to give blue nitroso derivatives; 
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R—CHr-NOj + HONO R—CH—NO, + HOH 

I 

NO 

A nitrolic acid 

R,CH—NO, + HONO -»RjC—NO, 

I 

NO 

RaC—NO, + HONO —♦ No reaction 

The nitroso derivative of the primary nitro compound, called a nitrolic acid, 
is soluble in alkali to give a red anion; 

0 OH 

r_CH-N^ 

I \, I \ 

NO O- NO 0- 

0 - 0 0 
R._C=N , R—C-N , R-C—N 

1 \ I \ li \ 

NO 0- NO 0- N 0- 

\ 

0 - 

A rpaonanne hybrid 

The secondary nitroso nitro compound has no acidic hydrogen atom and is 
therefore insoluble in alkali as well as in water. The primary nitroalkane 
gives a blue product yielding a red alkaline solution, the secondary nitro- 
alkanc gives a blue, alkali-insoluble nitroso product, the tertiary nitroalkane 
does not react and remains colorless. This reaction with nitrous acid, there¬ 
fore, offers a method of distinguishing the three classes of nitroalkaiies. It is 
sometimes referred to as the red, white, and blue reaction. 

Reduction of nitroalkanes: The reduction of nitroalkanes to amines was given 
in Section 16. lb as a method of preparing primary amines. Again, LiAlH^, or 
zinc or tin in hydrochloric acid may be used. 

Hydrolysis: The acid-catalyzed hydrolysis of primary nitroalkanes yields 
carboxylic acids and salts of hydroxylamine. 

RCH,NO, + HCl -H HOH RCOOH -|- HONH, • HCl 

The reaction involves an oxidation of the carbon and a reduction of the nitro 
group. It is used for the commercial production of hydroxylamine, and for 
years it has been almost the sole method of producing hydroxylamine. More 
recently, Du Pont developed a method to produce hydroxylamine in a pure 
form from nitric oxide and hydrogen at low cost. 
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If the salt of the aci form of a primary or secondary nitroalkane is hy¬ 
drolyzed in sulfuric acid, an aldehyde or ketone, and nitrous oxide are pro¬ 
duced. This is called the Nef reaction: 

R—CH=NOsNa -|- HjS 04 ^ R—CHO + -|- NaHS04 -h HOH 

R,C=N(>,Na -I- H*S 04 R,C=0 -I- iNjO -|- NaHS04 -f- H*0 

Condensation with aldehydes and ketones: In the presence of bases, primary 
and secondary nitroalkanes condense with aldehydes and ketones. Under 
certain conditions, the nitroalcohols may be isolated, but usually a nitro- 
oleliii is obtained; 

0- OH 

-V- 1 •r-x OR' i — HiO 

Rj-C ^ CHjNO, —♦ R,C-CH,NOj —^ R,C=CHNO, 

S. I 


^OR- 

This reaction i.s an to tlie aldol condensation of aldehydes and ketones. 

Then, often a second mole of nitroalkane will add to the nitroolefin. 

6 ^ 6 ' 0R“ 

RjC=CH—NOi —> RjC—CH,NO, 

,CHaNO, CHjNO, 

N - 

H OR 

This last step is really a Michael condensation. The base-catalyzed addition 
of activated C—H groups to o(,d-unsaturated nitro, carbonyl, or cyanide 
compounds is referred to as the Michael reaction. 


R2C=CH—COjR 

V 

R'-^CH—NOj 

H-k. 

B 


CN 

RCO-(CH—COjEt 


H 




RjC—CH,—COjR 

1 

R'—CH—NO, 

CH,—CH,CN 

I 

RCO~CH—CO,Et 


4, Uses of nitroalkanes. The principal industrial uses of nitroalkanes, 
other than for the production of hydroxylamine, have been as solvents in 
the plastics industry and as intermediates in the production of insecticides. 
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Cl NO, 

E 

-C—•—H Sample I 

ft ft 


KCN 


/ 


COOH 


CN 

s HiO* s a, 

H-C--C-H-4H- 


ft 

COOH 

Cl-C-H 

CN 

|hiO* a 
COOH 

Cl-9-H 

COOH 

KCN A \-CO, 


a. 


ft- 


H 


KCN 


COOH 


COOH 

S 

-C-H 


Cl 


KNO, 


COOH 

:-H H-C- H 


CN" NO, 

•j-oo. 

H 

S 

H-C-H 

fto, 

Sample II 


N( 


EtOiC- 


COOH 
-C-H 

COOH 

HK). OH-: 
thn Eton. Hi30i 


a. 


Cl- 


“C“~*"“H ^ £tO,^ 


CO,Et 


COOH 

I KNOi 

_c-H-►O.N- 


H 


COOH 
•C-H 

ft 

-COi 


0,N- 




-Cl HOsC-C— ■ -“^1 

A 

CO,Et / CO,H 

-*COi 


H- 


COOH 

s 

-C-Cl 


H 


KNO, , 


H 

-C-H 


H 

Sample III 


COOH 

s -OOi 

H- -C-N0,-^H- 

a 

H 


H 

s 


:—NO, 


ft 


Sample IV 
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emulsifying agents, detergents, propellants, explosives, pharmaceuticals, and 
finish-removers. Many nitro compounds are violent explosives, particularly 
polynitro substances and nitroamines, and should not be handled except by 
directions from experienced chemists. 

Chloropicrin, ChCNOi, is a powerful lachrymator and lung irritant and 
has been used in tear bombs. Tetranitromethane is sometimes used for the 
detection of carbon-carbon unsaturation. In dilute chloroform solutions, 
simple alkenes and alkynes give yellow colors, and the color deepens from 
orange to red with the increased unsaturation of conjugated polyenes. 

Frequent mention has been made of the equivalency of the four bonds in 
CH 4 . This is usually based on the failure to obtain isomers of monosubsti- 
tuted methanes, such as isomers of CHjBr, CHaCOOH, CHjNHj, etc., and on 
the success of a tetrahedral model of the carbon atom to account for the 
numbers of isomers obtained for various formulas. However, the British chem¬ 
ist, Louis Henry,' was able to show by an ingenious method that the four 
carbon bonds in CH 4 are equivalent. He synthesized four samples of nitro- 
methane in which the nitro group had definitely replaced different hydrogen 
atoms. All four samples were nevertheless identical. Henr>'’s method is dia¬ 
gramed on page 432. In the four samples of nitromethanes, I-FV, the nitro 
group is joined to carbon at different points, indicated by different lines of 
attachment. Still, each sample was found to be identical, provmg that the 
four bonds to carbon are equivalent. 

b. Nitrobenzenes. 

/. Prepatation. 

Direct nitration: 

H -t- HONOj ^ + HOH 

Nitration is usually carried out with concentrated nitric and sulfuric acids 
in a 1:1 volume ratio. The higher the temperature and the stronger the nitric 
acid, the greater is the chance for polynitration. Other nitrating agents, such 
as acetyl nitrate or KNOb + H 1 SO 4 may be used. 

Replacement of the diazonium group: 

0 -N,BF 4 + NO,- ^ ^NO, -H N, -h BF 4 - 

Oxidation of 'ii-aitached groups: 

Anilines may be oxidized to the corresponding nitrobenzenes by oxidation 
with peroxytrifluoroacetic acid (a mixture of trifiuoroacetic anhydride and 
hydrogen peroxide). 

TkTTT CFiCOlH 

0 —> 0 —N0| 

’ L. Henry, Compt. rend. 109, 1106 (1887). 
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The yields are good, and the method may be used with most substituted 
anilines. Other N-attached groups, such as nitroso and oximino groups, may 
be oxidized to nitro groups too, but generalized conditions have not been 
developed. 

2. Chentical properties. 

Nitrobenzene is a mild oxidizing agent and may be used to oxidize ^—CoC 
groups to the respective groups. 

OH* 

CH=CH—R + NO 2 —► ^HO + OCR—R + NH» 

For instance, one of the steps in the commercial synthesis of vanillin, an im¬ 
portant component of artificial flavors, involves the oxidation of isoeugenol 
with nitrobenzene. 



The acid reduction of substituted nitrobenzenes gives the corresponding 
anilines. This is commonly done with iron, tin, zinc, or stannous chloride. 


4^NOi -I- Fe <<»- NH.,+ 


The alkaline reduction of nitrobenzene may yield one of several products, 
depending upon the reducing agent. The successive reduction products and 
the agents used to produce them are given in Table 16.4. The neutral reduc¬ 
tion of nitrobenzene with zinc dust does not stop at the nitrosobenzene stage, 
although it passes through this stage to the phenylhydroxylamine. When the 
reduction is carried out in concentrated solutions, some of the nitrosobenzene 
and phenylhydroxylamine condense to form azoxybenzene. If the latter com¬ 
pound is desired, it can best be made by direct reduction with dextrose or 
sodium borohydride. Reduction of nitrobenzenes with lithium aluminum 
hydrijle yields symmetrical azobenzenes. The preparation of unsymmetrical 
azobenzenes was given in Section 16.Id. 

3. Uses of nitrobenzenes. Because of the activating effect of the nitro 
group on ortho- or para-situated halogens, and because of the acid-strengthen¬ 
ing effect on ortho- or paro-hydroxyl groups, nitrobenzene derivatives fre¬ 
quently serve as intermediates in organic syntheses. Nitrobenzene is sometimes 
used as a solvent or mild oxidizing agent. The largest volume use of nitro¬ 
benzenes is as explosives. Most of the commercial chemical explosives are 
polynitro compounds. In general, but not without exceptions, the power of 
explosives varies indirectly with their sensitivity. There are three broad 
ranges—high explosives, the boosters, and the detonators. A detonating fuse 
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TABLE IM. BEOUCnON STAGES OF NITROBENZENE 



or electric blasting cap is used to set off the booster, whose discharge fires 
the high explosive. Some of the older explosives are shown in Table 16.5. 

TNT is frequently taken as the reference material for explosive power. A 
modern high explosive used extensively since World War II days is RDX. 
It is more powerful than TNT, but also more sensitive. A mixture of TNT 
and RDX is found to form an excellent high explosive. Of course, chemical 
explosives in the older sense cannot compete with atomic and hydrogen bombs 
in power, but millions of pounds of chemical explosives are used annually in 
peacetime, during which time the atomic and hydrogen bombs cannot be used 
because of the radiation emitted. Industrial explosives are used to remove 
barriers for the construction of railroads, highways, tunnels, dams, and 
bridges. Explosives break up valuable ores in mines and rocks in quarries. 
They blast ditches for drainage, blow out tree stumps rich in turpentine, help 
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TABU 16.5. ROATIVE POWER AND SENStTIVITY OP SOME EXPLOSIVE COMPOUNDS 





TrinitrobenBcne (TNB) 
Ammonium picrate 
Trinitrotoluene (TNT) 
Picric acid 


Hi{;h exploflivea 
Booster 


Lead aside 
Mercury fulminate 


] 


Detonaton 


NO, 

I 

N 

/ \ 

CH, CH, 

1 I 

0,N—N N-NO, 

V 

RDX 


excavate foundations for buildings, and open up rivers jammed with logs or 
ice. In fact, more than a billion pounds of explosives are used annually in the 
United States. 

The Chinese invented gun powder several centuries before the birth of Christ, and 
it was the only explosive known until Ascanio Sobrero, an Italian professor of chemis¬ 
try, discovered nitroglycerin (glycerol trinitrate) in 1847. 

Nitroglycerin is a very sensitive liquid and too dangerous for practical use. It re¬ 
mained a laboratory curiosity until Alfred Nobel (1833-1896), a Swedish chemist, 
became interested in it. Nobel invented a detonating device to use nitroglycerin in 
mines and torpedoes. He obtained patent and manufacturing rights in several coun¬ 
tries, but frequent fatal accidents almost caused him to lose his permits to make it or 
use it. Then, by accident in 1866, he discovered that it could safely be shipped and 
handled w'hen absorbed by kiesclguhr. Nobel called this mixture dynamite and patented 
it in all countries. Although he prospered be 3 ^ond his wildest dreams, he continued to 
try to improve it. 

One day in 1875 Nobel cut his finger and treated it in the conventional way. He 
coated the cut with collodion (“new skin"), which left a transparent coating to protect 
the wound. It occurred to Nobel to try dissolving this highly inflammable material 
in nitroglycerin to produce a double explosive, but perhaps one less sensitive. This 
proved to be possible, and the mixture was very insusceptible to shock. Present-day 
dynamites have some of the nitroglycerin replaced by ethylene glycol dinitrate or 
ammonium nitrate for safer handling. 

Nobel believed that his powerful explosives would prevent war. After several years 
of debate and thought on war and peace, Nobel provided that the interest from the 
capital of his estate, nearly 9 million dollars, be distributed in the form of prizes 
"to those who during the preceding year shall have conferred the greatest benefit on 
mankind." The five prizes are in the fields of peace, physics, chemistry, physiology 
and medicine, and literature. These awards are the highest honors that can be conferred 
on anyone for an outstanding contribution in his profession. 

Nobers dynamite was us^ successfully in the United States a few years after its 
discovery. More than 60 million pounds went into the construction of the Panama 



NmtOGEN COMPOUNDS 


437 


Canal afUr the AmerioanB took over from the French in 1904, Two million pounda 
were used in constructing Grand Coulee Dam, a structure twice the sise of the pyramid 
of Cheops, which had reiped as man's largest structure for 3000 years. One of the most 
precise blasting jobs ever performed with dynamite was the diimiiiiTi g of Canada’s 
Saguenay River. The river was too deep and flowed too fast to permit construction 
of a cofferdam in the stream. It was decided to build the dam upright on one qide of the 
river, and tip it in place by blasting. An ll,000.ton reinforced concrete block was built 
92 feet high and 45 feet wide. On July 23, 1930, 1000 pounds of dynamite tipped the 
huge block, and it splashed into the river within an inch of the calculated position. 

One of the key roles played by chemicals in modern space research is as propellants 
for rocket engines. Here, huge quantities of the chemical reactants (fuel and omdiser) 
are converted to hot gases at controlled rates and, when passed through an orifice 
and subsequently expanded, provide the rocket with forward thrust. Liquid propellants 
include an oxidizer, such as liquid oxygen, fluorine or nitric acid, and a fuel such as 
alcohol, kerosene, hydrazine, or liquid hydrogen. For example, in the steering system 
for the third stage of Saturn V, the launch vehicle for the Apollo manned lunar landing 
mission, present plans are to use a nitrogen tetroxide-monomethylhydrazine fuel 
mixture. Solid propellants generally are made by mixing a solid oxidizer such as 
ammonium salts with a fuel such as nitrocellulose or nitroglycerin together with 
binders, catalysts, and other ingredients to obtain required characteristics. The solid 
propellant in the United Aircraft Corporation’s 250>ton'Weight, millicm-pound-thruBt 
rocket engine, for example, uses powdered aluminum and ammonium perchlorate in a 
synthetic rubber bed. 

sruoy EXERCISES 

1. Illustrate by equations two general methods each of preparing (a) amides, 

(b) alkyl cyanides, (c) primary nitroalkanes, (d) nitrobenzenes. 

2. What reagents and conditions would be used to make the following transforma¬ 
tions in the laboratory: 

(a) RNH,-RNC 

(b) RCN -* RCONH, 

(c) RNC-RNHCH, 

(d) RCN R,CO 

3. Assign names to the following formulas: 

(a) (C,H,) 4 NBr (e) C,H.CN 

(b) (CH.),NC,H, (f) (i-CJl7),NOH 

(c) C,H,NHJ (g) CH,CH,CH,CON(CH,), 

(d) [(CH,),CH],N (h) CHr-CH(NO,)~CH, 

4. Complete the following reactiems, supplying any reagents or conditions neces¬ 
sary: 

(a) C,H,NH,;HC1 + NaNOi -|- HCl (c) t-C,HuNC + Hrf) 

(b) i-C,H 7 NH, -I- CHCl, (d) n-CiHtNC -I- NaHg 

5. How does the use of the terms primary, secondary, and tertiary differ when ap¬ 
plied to amines, alcohols, and nitroallunes? 

6. Write electronic structures for ethyl nitrate, ethyl nitrite, nitroethane, etiiyl 
cyanide, ethyl isocyanide, triethylamine oxide, and tetrametbylammonium hydroxide. 


(e) RNC-RNCO 

(f) RCH,N0,-7RCH0 

(g) RCH,N0,-»RC00H 

(h) RCHO RCH(CH,NOi)i 
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7. Give the name and structureB of the successive alkaline reduction stages of nitro- 
benzene, and reducing agents for producing them. 

8 . WhsLt is the structure of RDX? 

9. State several uses of substituted nitrobenzenes. 

10 . How do you account for the fact that N,N-dimethylformamide has a larger 
molecular weight but boils at a lower temperature (153*^) than formamide (193^)? 

TEST QUESTIONS, Set 17 

1 . From the following facts, deduce the structural formula of an unknown com¬ 
pound A: 

(a) From analysis and molecular-weight determination, A is found to have the 
molecular formula CiHtNO. 

(b) Upon hydrolysis of A, an amine B and a carboxylic acid C are isolated. 

(c) B reacts with benzenesulfonyl chloride to give a product insoluble in aqueous 
alkali. 

(d) C reduces Tollens' reagent. 

2 . Wtiat volume of 2.0 N HCl would be necessary to neutralize the amine liberated 
in the hydrolysis of 25.8 g of N-ethyl-N-methylbutyramide? 

3. Predict the relative order of boiling points of acetic acid, acetamide, N-methyl- 
acetamide, and N,N-dimethylac.etamide. Give the basis for your prediction and com¬ 
pare it with the observed facts. 

4. How could the following be distinguished by qualitative test-tube experiments: 
(a) propionamide from propionitrile, (b) acetamide from ammonium acetate, (c) 
l-nitropropane from 2 -nitropropane, (d) ethyl isocyanide from ethyl cyanide, (e) ethyl 
nitrite from nitroethane? 

5. Explain the fact that nitromethane does not have a high solubility in hydro¬ 
carbons. 

6 . Predict the better solvent for methylammoniurn chloride, methanol or propanol, 
and explain the basis for your prediction. 

7. A compound A, C 6 H 1 DO 4 , reacts with sodium metal to liberate hydrogen gas, 
gives a negative test for a 1 , 2 -glycol, gives a positive iodoform test, does not give a 
2,4-dinitrophenylhydrazone, and when reacted with excess acetyl chloride, A gives B, 
CtHuOe. When A is refluxed in dilute alkali for one hour and the reaction mixture 
acidified, two compounds C and D are recovered. C is neutral to litmus and when 
gently warmed with [leriodic acid, the mixture gives a white precipitate upon the addi¬ 
tion of aqueous silver nitrate. D is acid to litmus, turns ceric ammonium nitrate solu¬ 
tion red, gives a positive iodoform test, but gives no 2,4-dinitrophenylhydrazone, 
What are the structures of A, C, and D? Show how you reached your conclusion. 

8. How could one convert ROOC—CHr—CH?—CONH 2 into ROOC —CH 2 —CHi 
-COOH? 

9. Nitrobenzene has a higher boiling point than toluene. Can it be separated from 
toluene by steam distillation, and why or why not? 

10. What weight of iron is required to reduce 1.5 moles of nitrotoluene to toluidine 
(aminotoluene) in acid solution? Assume that the iron is oxidized to Fe'^. 

11 . Would there be any advantage in using nitrobenzoic acid or nitrobenzenesulfonic 
acid over using nitrobenzene for the oxidation of substituted styrenes to the cor¬ 
responding benzaldehydes in aqueous alkali? 

12. What series of laboratory reactions would you use to prepare 1,2,3-trinitro¬ 
benzene from aniline? 
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13. Indicate the aerieH of consecutive reactions one could use in the laboratory; 
to transform 

(a) (CH,)jCH-CH,CH,CH,OH to (CH,)aCH~CHjCH 2 CH,CH,NO, 

(b) CH,CH 2 CH 2 CH,CH 2 C 02 C 2 H, to CH,CHjCH,CH,CN 

14. Give formulas for compounds 1-VII formed in the following reaction sequences; 



IflO* A 


15. (See Section 21.1 for functional group spectral characteristics.) Give possible 
structures for a compound CjHnNO (a) if it has infrared bands in the 3300-3400 and 
1650 cm“‘ rcgiorus and can be hydrolysed to diethyl ketone; (b) if it is neutral, has no 
band in the 3450 cm"' region but has a band at 1663 cm“'; (c) if it is neutral and has 
doublets in the 3450 and 1650 cm"' regions; or (d) if it is basic but has no band in the 
3400 or 1650-1720 cm~' ranges. 
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Optical Activity 


17.1 SOME BASIC CHARAaERISTICS OF VISIBLE LIGHT 

The regions of the electromagnetic spectrum of interest to a chemist were 
discussed briefly in Section 6.3. Between the two ranges of ultraviolet and 
infrared shown in Table 6.3 there is a narrow range called the visihle spectrum 
(cf. Section 27.1). In the visible region, the wavelength of light determines 
its color, and ordinary white light is light of all wavelengths within this 
range. Prisms have the ability to break up a light beam into its various 
colors; and, if a slit is placed at various positions behind the prism, a light 
ray of one color called monochromatic light is obtained. 



Violet 
light ray 


When looking at a wave motion from the front, one sees only the vertical 
motion. Light waves vibrate in planes in any orientation, and ordinary light 
has rays vibrating in all orientations with respect to the earth. When coming 

AAT 1 

Sidf vif« of 0 Front «iow of o 

W9V9 mof^on vovo morion 


Fig. 17.2. 
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into the eye, daylight has planes of vibration at all angles lyjthin 360°. When 
such a beam of tight passes through a crystal of calcite (CaCOt) or quartz 
(SiOs), the crystal will transmit only two rays of light 
whose planes of vibration are perpendicular to each 
other. 

This is called double refraction, because a single line viewed 
through the crystal appears as two lines. When a beam of 17.3. Planet 

ordinary light is passed through a crystal of tourmaline (a of vibration of 
complex aluminum-boron silicate), the component vibrating daylight entering 
in one plane is absorbed more strongly than that vibrating the eye. 
perpendicular to this plane. This phenomenon is called dkhroim. 

Tourmaline crystals, if thick enough, may completely absorb one component, and the 
transmitted light will Iw polarized. By making a film of properly oriented microscopic 
crystals of a dichroic substance (such as quinine periodide sulfate), large plates 
may be manufactured which transmit partially polarized light. These are used for eye¬ 
glasses and car headlight lenses, since polarized light gives off little glare. 

If a crystal of calcite is split along one of its natural axes, and then the 
two halves are cemented together with Canada balsam, the emerging ray of 
light Avill be vibrating in only one plane. The split crystal is called a Nicol 
prism; and light, whose vibrations are in one plane, is called polarized light. 
Hence, one may produce with the use of natural or l^icol prisms, either 


n 



Fig. 17,4. 


polarized or nonpolarized monochromatic light, and also i)olarized or non¬ 
polarized white light. 

In order to ascertain the plane of polarization of a polarized light beam, 
one uses two Nicol prisms; the apparatus is called a polariscope or polanmeter. 
When the polarized beam from one Nicol prism enters a second Nicol prism, 
and if the second prism is oriented at the proper angle, most of the light beam 
will pass right through. On the other hand, if the second prism is turned 90® 
to this proper angle, no light will pass through. 

A crude analogy has been given as follows. Have a score or so of ropes tied to sepa¬ 
rate hooks in a horizontal row on a wall, and have a line of people each holding the end 
of a rope about 20 feet away from the. wall. Now, have the people shake the ropes back 
and forth, some vertically, some horizontally, and some at various oblique angles. 
This will set up waves in the ropes similar to light waves. 

Next, a picket fence with vertical pickets is dropped about one-third the distance 
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from the people to the wall, and it will be seen that only those waves vibrating nearly 
parallel to the pickets will pass through. The other waves are stopped by the fence. 
This simulates plane polarised light. 

Then, a second picket fence is dropped midway between the first fence and the wall, 
and it will be seen that the waves also pass through the second fence. However, if the 
second fence is tipped over slowly to one side, fewer and fewer waves pass through 
the second fence until, at right angles, all waves will be stopped. This simulates crossed 
Nicol prisms, which transmit no light. 

The angle at which the second prism has to be set in order to transmit the 
maximum amount of light reveals the plane of polarization of the light trans¬ 
mitted by the first Nicol prism. 

Now, it is found that certain substances in the crystalline state or in solu¬ 
tion possess the ability of changing the plane of vibration of a polarized 
light beam when the light passes through these substances. Such substances 
are referred to as being optically active. First, the two Nicol prisms are set 
at an angle at which the maximum intensity of light is seen through the 
second prism (the analyzer). Then, when a solution of the optically active 
substance is placed between the prisms, the analyzer has to be rotated clock¬ 
wise (right) or counterclockwise (left) in order to see the maximum amount 
of light again. The angle through which the analyzer has been turned indicates 
the angle of rotation. Substances which rotate the plane of polarization to the 
right are called dextrorotatory, and those which rotate it to the left are called 



levoroUdory. Since the degree of rotation depends on how many optically 
active molecules the light beam encounters, the angle of rotation is dependent 
on the length of the light path through the solution, the concentration, the 
temperature, and also the wavelength of light used. In order ta be able to 
compare measurements by different persons, specific rotations [a] or molec¬ 
ular rotations are computed, 


w 


angle of rotation (degrees) 
I (dm) X c (g/cc) 


where I is the length of tube in decimeters, and c is the concentration in grams 
per cubic centimeter. Thus, the specific rotation is the rotation produced by 
a solution containing 1 g/cc in a tube 1 dm long. The molecular rotation is 
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the product of the specific rotation by the molecular weight.* For illustra¬ 
tion, the B}rmbol [a]?)* — 66” means that the specific rotation of a com¬ 

pound at 25” with sodium vapor light (obtainable with a Bunsen burner when 
the air is drawn through a sodium salt solution) is 66 degrees to the left 
(counterclockwise). 

17.2 OPTICAL ISOMERISM 

It was stated in Section 1.6 that whenever four different atoms or groups 
are attached to a single carbon atom, there will be two possible arrangements 
for the four groups about the carbon atom. The two arrangements give rise 
to two structures which are the inverted images of each other, or mirror 
images of each other (see page 48). The two molecules have essentially the 
same physical and chemical properties except for their effect upon polarized 
light. One will be dextrorotatory and one levorotatory, with equal but op¬ 
posite rotatory powers. They are isomers, of course, and so they are called 
optical isomers, optical antipodes, or enantiomorphs (Gr. enantios, opposite, 
and morphe, form). Some properties of several groups of geometric and optical 
isomers are given in Tables 17.1 and 17.2, from which it may be seen that 
the physical properties of two optical isomers are virtually the same. 

A solution made up of the dextro isomer will be dextrorotatory, and a solu¬ 
tion of the leva isomer will be levorotatory, but a solution of equal molecular 
amounts of the two isomers will be optically inactive, because the opposing 
effects of the two types of molecules cancel each other. Such a mixture is 
called a racemic mixture, i.e., an equimolar mixture of two optical isomers. 

Carbon atoms having four different atoms or groups attached to them 
have no plane of symmetry and are therefore asymmetric. Even the molecule 
R 1 B 4 CHD, in which the asymmetry of the carbon atom is due to twq irotopes, 
will be optically active although its molecular rotation will be small. Molecules 
having an asymmetric carbon atom will lack a plane of symmetry and will 
be optically active. The criterion for determining whether or not a molecule 
will be optically active is the lack or presence of a plane of symmetry.' 

To understand why asymmetry leads to optical isomerism, two logical points must 
be accepted. (1) In a gaseous or liquid state, molecules are randomly oriented in space. 
This means tliat no matter which direction a molecule is oriented in space, there will 
be one having exactly the opposite orientation. It is unlikely that they will be directly 
face to face, but merely oppositely oriented somewhere within the sample. (2) The 
polarising effect that a molecule has on a light beam is reversed when the molecule 
takes an opposite orientation with respect to the light beam. 

* Following a suggestion of van’t Hoff, some chemists divide this molecular rotation by 
100 . 

' The lack of a plane of symmetry is not the ultimate criterion (G. E. MoCasland ud 
S. P. Proskow, J. Amer. Chtm. Soc., 78, 6640 (1966)). A compound was synthesized which 
lacks a plane or center of symmetry, but because of its unusual spatial shape, is superposable 
upon its mirror image. Therefore, it is not optically active. In view of the fact that such 
cases will be extremely rare, the criterion adopted above will be adequate for this study. 
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TAIU 17.1. SOME PHYSICAL PEOPERTIES OP OEOMETMC ISOALERS 


Geometric Isomers ^ 

M.P. 

Solubility 25*, 
g./lOO g. H,0 

Maleic 

acid 

H COOH 

\ / 

C 

II 

c 

^cooh 

130.5* 

79 

Fumaric 

acid 

HOOC H 

V 

i! 

h'^ \ooh 

287 

0.7 

Citraconic 

acid 

CH, COOH 

V 

II 

c 

^COOH 

01 


Mesaconic 

acid 

HOOC CH, 

V 

II 

c 

H^ \oOH 

202 


Isocrotonic 

acid 

H CH, 

V 

II 

C 

H^ ^COOH 

15.5 

40.0 

Crotonic 

acid 

CH, H 

V 

h'^ \ooh 

72 

8.3 
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TABLE 17.1. ConthHMd 

Geometric Isomers 

M.P. 

Solubility 25”, 
g./100 g. HiO 

Oleic 

acid 

H CH,(CHi),-CH, 

V 

11 

c 

\h,(CH,),-COOH 

13" 


Elaidio 

acid 

CH,(CH,),CH, H 

V 

II 

c 

^CH,(CH,),-C00H 

44 


Angelic 

acid 

CH. H 

\ / 

c 

11 

c 

/ \ 

HO,C CH, 

45 


Tiglic 

acid 

CH, H 

V 

il 

CH,'^ \oOH 

64.5 



TABLE 17.2. SOME PHYSICAL PROPEBTIES OF OPTICAL ISOMERS 


C,H,CH(OH)COOH, MandeUc Acid 



M.P. 

Solubility 25", 
g./lOOg. H,0 

pK. 

[«]?• 

Dextro 

mmm 

8.54 


+155.5" 

Leva 


8.64 

3.37 

-154.4 

Racemic mixture 


15.97 

3.38 

0 


CH,CH(OH)COOH, Lactic Acid 


Dextro 

26" 

QO 


+2.24" 

Levo 

26 

eo 


-2.24 

Racemic mixture 

18 

00 


0 
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Atoms are merely ordered arrangements of charged particles and, owing to the 
electrical character of light, it is to be expected that there should be some kind of 
interaction when a light beam passes an atom or molecule. This is indeed the case. 
Every molecule is affected by, and affects, a passing light beam. Two identical mole¬ 
cules, of course, have identical effects. Each atom in a molecule has some attraction 
or repulsion for the light beam, so that after a polarized light ray has passed an asym¬ 
metric molecule, its original plane of polarization is rotated through some angle. If 
the molecule is facing just the opposite direction, its rotatory power is reversed. 

For illustration, suppose the following molecule 

c 


a 

d 

rotates a beam from c toward b, i.e., clockwise here. Then, when it is turned to face 
the opposite direction. 



c 



it will rotate the plane of polarization from b toward c. However, this is still clockwise 
with respect to the same light beam. Hence, no matter which way the asymmetric 
molecule is facing with respect to the light beam, it will rotate the plane of polarization 
in the same direction. Therefore, a solution made up of identical asymmetric molecules 
vnll be optically active. 

Obviously, two molecules which are mirror images have opposite effects upon a light 
beam when facing the same direction. Now, it was just shown that when an asym¬ 
metric molecule reverses its direction, it still rotates a polarized beam in the same 
clockwise or counterclockwise direction with respect to the light beam. Therefore, a 
solution made up of molecules which are mirror images will be optically inactive, because 
each isomer will have an identical molecule facing the opposite direction; and the two 
pairs of identical molecules will rotate the plane of polarization in opposite directions, 
thereby nullifying the effect of each pair. 

With models, it may be seen that if there are two identical atoms or groups attached 
to a carbon atom, i.e., the carbon atom is not asymmetric, two such molecules will be 
identical as well as mirror images. Hence, as deuced above, a solution made up of 
molecules that are mirror images will be optically inactive, although they may also be 
identical. 

17.3 NUMBERS OF OPTICAL ISOMERS 

If a molecule has more than one asymmetric carbon atom, then more than 
two optically active isomers are possible. For illustration, consider the classic 




OPTICAL ACnVTTY 


447 


case of tartaric acid, HOOC—^CHOH—CHOH—COOH. The two center car¬ 
bons each contain four different atoms or groups attached thereto (an H 
atom, an OH, a COOH, and the complex group —CHOH—COOH); hence, 
they are each asymmetric. This allows two independent arrangements of the 
four groups about each carbon atom, making each have a dextrorotatory and 
a levorotatory effect. Now, let us see how many isomeric molecules may 
arise. 

Using models, one finds there are three different isomers possible which 
can be diagramed as follows. The circles represent carbon atoms. Bonds 
extending into the circles point forward, and those just touching the circles 
point backward. 


COOH 



COOH COOH 




It is seen that (a) and (b) are mirror images of each other, that the top half 
of (c) is identical to either half of (a), and the lower half of (c) is identical 
to either half of (b). Also, one-half of (c) is a mirror image of the other half. 

Unless models are used, or unless formulas as above are used to indicate the three- 
dimensional shape of the molecules, it might not be evident that (a) and (b) are dif¬ 
ferent from (c). That is, if the usual projection formulas are used. 


COOH 

COOH 

H—A—OH 

H-i—OH 

HO-i-H 

1 

H—i-OH 

1 

COOH 

COOH 

(a) 

(c) 


the student might ask, "Because of free rotation, when the lower half of (a) rotates 
180‘ about the center C—C bond, does it not become (c)7” This would appear to be 
the case from the projection formulas, but with models or the diagrams above, it will 
be found that if the rotation does occur, the molecules are still not identical. The COOH 
group in (a) extends backward, and after rotation occurs, it would point forward. It can 
be seen, then, that (a) and (c) still would not fit the same mold, i.e., are not identical. 
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COOH COOH COOH 



Slruoturtf of (a) after 180 ° 
rotation of lower group 
about center C—C bond. 


However, are all three isomers optically active? An answer to this question 
may be found as follows. Name the atoms or groups as one goes around each 
asymmetric carbon atom of the projection formula in a clockwise direction, 
starting any place. For (a) the order is OH, G, H, COOH, OH, G, H, etc., 
for both asymmetric carbon atoms, where G stands for the complex group 
—CHOH- COOH. For (b) it is OH, COOH, II, G, OH, COOH, etc., around 
each asymmetric carbon atom. Note that these two sequences are exactly 
opposite. Hence, the rotatory power of each asymmetric carbon in (a) is the 
same, and that of each asymmetric carbon in (b) is the same. Thus, the 
rotatory effect of each half of (a) is the same, making the entire molecule 
optically active. The same is true for (b), but its optical activity will be equal 
and opposite to that of (a). The two isomers, being mirror images, arc optically 
active in equal but opposite directions. 

When the same analysis is made for (c), the top asymmetric carbon has 
the sequence, OH, G, H, COOH, OH, G, H, etc., while the bottom asym¬ 
metric carbon has the order, OH, COOH, H, G, OH, COOH, etc. These two 
orders are exactly oppwsite, making the two asymmetric carbons have equal 
but opposite rotatory powers. The effect of each cancels the effect of the 
other, making the molecule optically inactive. This will always be the case 
when one-half of a molecule is the mirror image of the other half. Such 
isomers are called meso isomers, and, although w'ithin them there are asym¬ 
metric carbon atoms, they are optically inactive due to internal compensation; 
i.e., the optical effect of each half cancels that of the other half. 

TAILS 17.3. PROPERTIES OF THE ISOMERS AND OL RACEMATE OF TARTARIC ADD 
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Therefore, there are three isomers of tartaric acid; two optically active 
and one optically inactive. Some properties of the three isomers and of the 
dl racemate are given in Table 17.3. 

An analysis as was just made for tartaric acid could be made for all formulas 
having more than one asymmetric carbon atom, but this would be slow and 
bothersome. For convenience, there are mathematical formulas by which 
chemists may calculate the number of isomers for a given projection formula. 
For aliphatic compounds where the asymmetric carbon atoms are in the main 
chain, the formulas are as follows. Let 

a >= the number of optically active isomers 
m = the number of optically inactive isomers, i.e., meso isomers 
n « the number of asymmetric carbon atoms 
r = the number of racemic mixtures « a/2 always. 

There are three cases or situations which may arise. 

Case 1: If the molecule cannot be divided into halves which are mirror images 
of each other, then o = 2"; /n = 0. 

Case 2: If the molecule can be divided into halves which are mirror images of 
each other and n is even, then a = 2 *“^; m = 

Case 3: Same as Case 2, except n is odd; i.e., the molecule is divided through 
the center carbon atom. This atom is called a pseudo asymmetric carbon 
atom, for its asymmetry depends on whether the configurations of the 
two halves are superposable or not. However, it is included in the number 
n, and a = 2--‘ - m = 

For illustration, in the formula CH,OH—CHOH—CHOH—CHOH— 
COOH, the molecule cannot be divided into mirror-image halves; hence, it 
falls under Case 1. The three center carbons are asymmetric; therefore, 
a = 2> = 8;m = 0;r = a/2 = 4. In the formula CH,OH—CHBr—CHOH— 
CHOH—CHBr—CHjOH, one-half of the molecule can be a mirror image of 
the other half; i.e., one could fold the molecule in half, and one-half would fit 
on top of the other half. Since the number of asymmetric carbon atoms is 
even (4), this falls in Case 2. Hence, a = 2‘~‘ = 2* = 8; m = = 2*“‘ 

= 2; r = a/2 = 4. 

In the formula, HOOC-CH(CH 3 )-CHOH-CHBr-CHOH-CH(CH,) 
—COOH, again the molecule may be folded through the center having one- 
half hi on top of the other half. Since the number of asymmetric carbon atoms 
is odd (5), this falls in Case 3. Hence, o = 2‘-> - 2(‘-»« - 2‘ - 2> = 16 - 4 
= 12; m - 2»-»« - 2» - 4; r = o/2 - 6. 

17.4 RACEMIZATION 

Molecules often undergo inversions during reactions, particularly during 
nucleophilic displacement reactions (page 230), but unless the molecules are 
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optically active, one is not aware of any inversions having occurred. When 
a dextro isomer inverts, it becomes the levo isomer, and conversely. Thus, the 

inversions are easily detectable for asymmetric 
molecules. 

When an optically active substance is heated 
in solution, particularly acids in alkaline media, 
inversions take place back and forth until 
equal amounts of the two isomers are pre¬ 
sent. Thus, an optically active sample be¬ 
comes a racemic mixture. This process is 
called Tocemizationj and the mixture of optically active isomers is called a 
racemic mixture or racemate. 



17.5 RESOLUTION OF RACEMIC MIXTURES 


The process opposite to racemization, resolution of a racemic mixture, is 
more important. In a chemical synthesis, ordinarily, a racemic mixture is ob¬ 
tained. In most reactions, both isomers have the same chance of being formed; 
so they are formed in equal amounts. 


The synthesis of only one of a pair of optical antipodes, called asymmetric synthesis 
or asymmetric induction, can be accomplished to give partially optically pure com¬ 
pounds. Nevertheless, all useful methods discovered so fur require previously prepared 
optically active substances somewhere in the synthesis. For example, the reduction of 
ketones by asymmetric Grignard reagents^ or with aluminum alkoxide in an optically 
active alcohol solvent® yields an optically active alcohol from the ketone. Another 
method is to produce a new asymmetric carbon atom in an optically active compound 
and separate the arising diastereoisomers by fractionation. For-illustration, 


2 



COOH 

1 

COOH 

1 

CHjCOOH 

H-(^Br 

Br-C-H 

i—OH 

1 

Bn I 

—» H—C—OH + 

1 

H-i—OH 

j 

CH, 

CH, 

CH, 


/-^-Hydroxy- Diastereoisomers 

butyric acid (separable by fractional 

crystallization) 


Also, by irradiating a ^/-mixture with dextro circularly polarized light, it is possible 
to cause one isomer to decompose more rapidly than the other, thereby enriching the 
mixture with respect to the more stable isomer. 

Since most biological reactions involving asymmetric molecules are concerned with 
only one of the possible optical antipodes, biological syntheses produce optically active 
materials. It is not uncommon, then, to employ plants, yeast, or other living systems 
for synthesizing optically active substances. For example, D-lactic acid is produced 
commercially by the selective reduction of pyruvic acid, CH®—CO—COOH, with 
Bacillus del^cHi. 

‘ H, S. Mosher and E. LaComl>e, J. Am. C^m. Soc, T2, 3994 (1950). 

> W. E. Doering and R. W. Young, ibid. 72, 631 (1960). 
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It 80 happens that most physiologically active substances (drugs and 
medicinals) involve optically active substances, and only one isomer will be 
effective. Hence, racemic mixtures need to be resolved in order to get the 
drug of greater potency. Also, for a number of theoretical studies and for 
chemical synthesis, it is important to resolve racemates in order to isolate 
the pure optically active isomers. 

It was Louis Pasteur who first reported successful resolutions of racemic 
mixtures, and it is a tribute to him that his three methods of resolution 
remained the sole methods in general use for almost a century. 

His first method resulted from his keen observation that when tartaric acid 
is allowed to crystallize slowly from a dilute, cool solution, the crystals are 
of two shapes which are mirror images of each other. Pasteur separated the 
two types of crystals by hand, and he foimd that solutions made up separately 
from the two batches were identical, except that they rotated the plane of 
polarization of polarized light to the same extent in opposite directions. This 
method of resolution, referred to as the mechanical method, is obviously im¬ 
practical, because (1) often substances do not crystallize into readily dis¬ 
tinguishable crystals, ^2) such a separation would be very slow, and (3) it 
cannot be used for liquid substances. An unusual case was reported in which 
a dl-mixture w’as allowed to crystallize very slowly to produce large, easily 
distinguishable crystals (one weighing 11 g).’ 

A second method of resolution, sometimes called the biochemical method, 
employs living organisms to destroy or metabolize one optical isomer. Pasteur 
in 181)8 found that d-ammonium tartrate is destroyed more rapidly than the 
Worm by Fenicillum glaucum. Similarly, Fischer found in 1898 that n-glucose 
can be fermented by yeast, but L-glucose is unaffected. This method, then, 
depends upon finding an organism that will destroy the undesired optical 
isomer, and such a fortuitous discovery may not occur in one’s lifetime. For 
this reason, and because one isomer is destroyed by the organism, the method 
does not offer a wide generality. A very useful application of this technique, 
however, has been developed for amino acids. An amino acid racemate is 
acylated, then hydrolyzed with an enzyme (acylase or amidase) which selec¬ 
tively catalyzes the cleavage of amide groups of l isomers. The hydrolyzed 
L amino acid is easily separated from the acylated d amino acid, and then 
the latter is hydrolyzed separately to yield the d amino acid. 

toy I EH 

w^RCH-COOH -I- H,0-► i^RCH—COOH -1- n-RCH-COOH 

NHCOR' NH, ^HCOR' 

d-RCH—COOH 




' H. E. ZauK. J- 4m. Chem. Soc. 77, 2910 (1956). 
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Pasteur's third method, called the chemical method or, more appropriately, 
the diaslereoiaomer fractionation method, hnds the widest utilization. This 
method employs an acid or base already available in either a d- or {-form. 
Upon reaction with a dl-acid, for example, a d'-base will produce two salts. 
The one with the d-acid can be designated dd'-salt, and the one with the l-acid, 
an Id'-salt. These two salts will not be mirror images. Actually, parts of each 
salt are identical, and parts of each salt are mirror images. 


CH, 

CH, 



1 

H—C—OH 

1 

HO—C—H 



1 

co,- 

COr 

NHt 


+NH, 

+NH, 

1 

Represents an 

1 

1 

1 

b-C—a 

/-amine, and 

b—C—a 

b— C— a 

1 

CH.CHOH—COOH 

1 

i 

d 

is lactic acid 

d 

d 



l-Atnine Balt of 

/-Amine salt of 



I-lactic acid 

fi-lactic acid 




Two molecules having some parts identical and other parts mirror images 
are called diaslereoisomers. Not being completely mirror images, they have 
different physical properties, including different solubilities. They may, there¬ 
fore, be separated by fractional crystallization. After the salts have been 
septu'ated, the original organic optical isomeric acids (or bases) may be 
recovered by the addition of mineral acid (or base). For illustration, to sepa¬ 
rate a racemic mixture of an organic base, one could use either d- or 1-tartaric 
acid. 

di-base -(- d'-tartaric acid —»dd'-tartrate -f id'-tartrate 

separate by fractional 
crystallization 

1 i 

dd'-tartrate 2d'-tartrate 

|kq. NiOH |ui. NaOH 

d-Base -|- sodium tartrate /-Base -|- sodium tartrate 

If the organic bases do not separate from the aqueous phase, they may be 
isolated by ether or chloroform extraction. For a specific example, the potent 
analgesic /-methadone has been separated from the almost ineffective d-isomer 
by crystallization of the d-tartrate from acetone, or by neutralization with 
d-a-bromocamphor-sulfonic acid w'hich forms a water-insoluble salt with 
d-methadone and a water-soluble salt with the /-isomer. 

For racemates other than acids or bases, other types of diastereoisomeric 
compounds can be formed and fractionated. For instance, alcohols may be 
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esterified with optically active acids to yield solid esters. After the estm have 
been fractionated, the active alcohols are recovered by separate hydrolysis of 
the esters. Hydrolysis does not racemize the alcohol. 

In recent years, resolutions of racemic mixtures have been achieved by 
adsorption on crystal surfaces of quartz, or on adsorption columns containing 
optically active adsorbents. A more recent method involves the formation of 
inclusion complexes (page 470). When certain substances crystallize in the 
presence of certain other compounds, the crystals envelop the foreign mole¬ 
cules in the open crystal cavities, and such crystalline mixtures are called 
inclusion complexes. Occasionally, the crystallizing molecules selectively oc¬ 
clude one isomer of a racemic mixture, thereby affecting a resolution. 

17.6 ABSOLUTE AND RELATIVE CONFIGURATIONS 

At one time it was impossible to say just which of the two formulas of 
lactic acid corresponds to that of the dextro isomer; that is, one could not 
assign the absolute configuration of an optically active molecule. However, if 
the configuration of some reference compound were arbitrarily assumed, then 
chemists could relate the configuration of other active compounds to this 
reference substance and to each other. These would be called relative con- 
figuralions. In 1908, Emil Fischer proposed the structure of n-glyceraldebyde 
to be as follows: 

CHO 

I 

H—C—OH 

I 

CH,OH 

The dextro isomer has the H and OH forward, and the CHO and CHiOH 
group extend backward. This convention is widely accepted, and compounds 
related to n-glyceraldehyde with respect to the orientation of H and OH are 
termed n-isomers, irrespective of whether they happen to be dextro- or levo- 
rotatory. Thus, the related lactic acid, 


COOH 



is levorotatory and is named d(— )-lactic acid. The stereo relation to glycer- 
aldehyde is indicated by a small capital d or l, while the actual direction of 
optical rotation is indicated by a plus or minus sign in parentheses. 
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COOH COOH 

I I 

H—G-OH H—C-OH 

I I 

CHjOH CH, 

D( — )-Glyoeric D(—)-Lactic 

acid acid 

Compounds whose structures bear no relation to glyceraldehyde, such as 
alkaloids, merely use the lower case d and I to indicate their direction of 
optical activity. 

In 1951 a technique was develop>ed for X-ray diffraction analysis whereby 
the absolute configuration of a molecule may be determined^ and indeed, it 
was found that D(-|-)-glyceraldehyde actually has the structure assigned to 
it by Fischer. The absolute configuration of other types of compounds are 
now known too, and this has made it necessary to have a method of describing 
the configuration of the atoms in a molecule. Of the various proposed schemes, 
that which is generally adopted now is the R-S configurational nomenclature.* 

R-S configurational nomenclature. This system uses the letters R (for 
rectus, Latin for right) and S (for sinister, Latin for left). To indicate the 
structure about an asymmetric atom X in X.b«d, the groups a, b, c, and d are 
arranged in a priority sequence based on the sequence rule stated below. Then 
the grouping is viewed from the side remote from d, which is referred to 
as the "steering wheel" model. If the sequence a, b, c, is in a clockwise rotation, 
the arrangement is designated R, whereas the opposite rotation is called S. 



The Sequence Rule 

1. Groups attached to the asymmetric atom are listed in order of decreasing 
atomic weight, for identical a atoms, then in order of decreasing atomic 
weights of /3, y, etc., until a sequence is obtained. 

2. Substitute an equal number of identical atoms for multiple bonds, e.g., 

0 

/ 

X for X=0. 

\ 

0 

* J. M. Bijoet, Endeavour, April 1956, p. 71. 

• a. R. a Cahn, J. Chm. Edvc., 41, 116 (1964). 


COOH 

I 

H-C-OH 

I 

HO-C-H 

I 

COOH 

L(+)-Tartaric 

acid 
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3. Isotopic atoms of higher mass number precede those of lower mass 
number, e.g., X.tdh for tritium, deuterium, and hydrogen. 

4. Cis groups precede isomeric tans groups, and R groups precede isomeric 
S groups. 

These rules give the following order of decreasing priority for some common 
groups: I, Br, Cl, SH, F, OCOR, OR, OH, NO*, NHCOR, NR,, NH,, COCl, 
CO,R, CO,H, CONHj, COR, CHO, CH,OH, C,H,, CR,, CHR,, CH,R, CH,, 
D, H. 

The procedure for naming compounds is illustrated by the following 
examples: 

C,H, C,H, 

HO—C—CH, = HO -C -CH, Sequence rule = HO, CjH,, CH,, H 

I i abed 

H H = R 

It is often convenient to use a Fischer projection formula, in which case the 
groups are moved about by an even number of exchanged pairs of groups 
until group d occupies the bottom position. Then the groups are read off to 
ascertain the rotation of a, b, c. If this is done for n-glyceraldehyde, for 
instance, we get R-glyceraldehyde by two exchanges: H for CH,OH, then 
any other couple excluding H: 

CHO CHO 

I 1 

H—C—OH = HO—C—CHiOH 
CHjOH H 

COOH COOH 

H—C—OH 55 HO—C—CH, 

CH, H 

R(—)-Lactic acid 

CH, CH, 

H—C—NH, s H,N—C—C*Hb Sequence rule <= NH,, C,H,, CH,, H 

I I abed 

C,H, H “ S 

(S)'Oi-Phenylethylamine 


Sequence rule = OH, COOH, CH,, H 
a b c d 

= R 


Sequence rule = HO, CHO, CH,OH, H 
a b c d 

= R 
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H Me 


I 


Sequence rule ■» CH*CHiOH, CH*CH*C>»CMe», CHi, H 

a b 


CHjOH According to steering wheel model, this is R. 


I, i 

c d 


3(R)-Meth>’W7- 

methyl-6-octenol 

When there is more than one a^mmetric atom, a symbol is attached to each; 


COOH COOH b 

1 '1 

COiH TopC. H -C-OHsHO-C—G sa-C-c =R 

I i i 1 

H-C-OH G H d 

i 

HO-C-H G 0 c 

I ; \ l 

CO,H Bottom C: HO- C-H sH(),C-™C-OH = b-C-s = 

/ 

COOH H d 

Name - 2(R),3(R)-DihydroxyBUccinir acid, or (ID- (-f )-tartaric acid. 



Sequence rule for Ci = OH, Ca, C«, H 
Steering wheel model givee S. 


Sequence rule for Ci »= OH, Ci, Cf, H 
Steering wheel model gives R. 


/. Name - l(Sj,2(R)-Cyclohexaiiediol. 



Nahie — 


Sequence rule for Ci « Cj, Cs, CH|, H 
Steering wheel model gives S. 

Sequence rule for C| » Cl, C«, C 4 ; H 
Steering wheel model gives S. 

1 (8)-MetliyI-3(S)-chJQrocycJohexaiie 


STUDY EXEXaSES 

1. Define or explain the following terms: (a) monochromatic light, (b) poUriaed 
light, (c) polariacope, (d) specific rotation, (e) molar rotation, (f) diastereoisomer, 
(g) optical antipodes, (h) dextrorotatory, (i) Nicol prism, (j) superposable molecules, 
(k) meso isomer, (1) racemate., (m) racemisation. 

2. Write the structural formula for a compound which exhibits geometric as well 
as optical iscmieriBin, and of a compound which has two asymmetric carbon atoms 
but is optically inactive. 
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3. From the following facte, determiae a possible structursl formula of A, CiHsOi, 
structures for the new compounds formed by addition of HCN to lactic aldehyde. 
How many different acids would result upon hydrolysis of the cyanohydrins produced? 
Are any of the acids meso isomers? 

4. Which of the pentyl alcohols are optically active? Point out the asymmetric 
carbon atom in each of the optically active isomers. 

6. Which of the following are optically active compounds: n-butanol; 4-hydroxy- 
heptane; a-chlorobutyric acid; 1/2-dichloropropene; l,2-epoxypropane7 

6. Cleavage of optically active methyl scc-butyl ether by anhydrous HBr gives 
primarily methyl bromide plus «cc-butyl alcohol. The alcohol has the same configu¬ 
ration and essentially the same optical purity as the starting ether, (a) Offer an expla¬ 
nation for these results. Optically active sec-butyl alcohol is stable in aqueous alkali 
but racemizes in dilute sulfuric acid- (b) How do you interpret this behavior of sec- 
butyl alcohol? 

7. Dihydrophellandric acid, when synthesized by oxidation of phellandral with 
ammoniacal silver nitrate and hydrogenation of the resulting acid, is a mixture of two 
optically inactive isomers. Give their structures and explain why each is optically 
inactive. 



Phellandral 

8. Draw structural formulas for all the stereoisomers possible for the formula 

CH, 



TEST QUESTIONS, Sat 18 

1. How many stereoisomers are possible with the formula CHb—CH«*CH— 
CH(CH,)-COOH? 

2. How could one separate and isolate the components in a mixture of d/-ethyl- 
propylisobutylamine oxide, dihexyJamine, n-octylamine, and d/-a-bromostearic acid? 

3. From the following facts, determine a possible structure formula of A, CiHgOs, 
and show how you reached your conclusion. 

(a) A reacts with 2,4-dinitrophenylhydrazine to yield a red precipitate, and A 
gives a red coloration with aq. ceric ammonium nitrate. 

(b) A reacts with acetyl chloride to produce a compound of molecular formula 
CJiiflO,. 

(c) A can be oxidised to a monocarboxylic acid B without the loss of carbon 
atoms. 
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(d) B IB optically active and loses water when heated alone to give an un- 
saturated acid. 

4. An optically active compound A, C 7 Hi 402 , is hydrolyzed to give two compounds 
B, CiHioOt, and C, CzHgO. B is optically active, water insoluble, but alkali soluble. 
C is water soluble. What is the structural formula of A, and how did you reach this 
conclusion? 

5. How could one demonstrate that crotonic and isocrotohic acids are geometric 
isomers having the formula, CHr—CH=CH—COOH? 

6 . An unknown substance, CtHibNO, hydrolyzes to give an amine and an acid. 
The amine reacts with nitrous acid to give a yellow-green, water-insoluble liquid. The 
acid is optically active. What is the structural formula of the unknown compound? 

7. From the following facts, give the structural formula of the unknown com¬ 
pound A. 

(a) A is an optically active compound, molecular formula C 4 H 11 O 2 N. 

(b) Upon hydrolysis of A, an optically active acid, CsHeOi, and an amine are 
isolated. 

(c) The amine reacts with benzenesulfonyl chloride to give an alkali-insoluble 
amide. 

8 . An optically active compound A, C 1 HBO 2 CI, dissolves in dilute alkali and is re¬ 
covered unchanged upon acidihcation. What is its structural formula? 

9. How many active and inactive isomers and racemic mixtures are there for the 
following formulas? 

(a) H00C~(CH0H)5-C00H (c) 0CH-(CH0H)4-CH20H 

(b) 0«CH--(CHCl)r-CHO 

10 . W^hy is it that the physical properties of geometric isomers differ while those of 
optical isomers are the same? 

11 . A ketone having five carbon atoms yields an oxime whose reduction produces an 
amine with one asymmetric carbon atom. Write the structural formulas for possible 
original ketones, and for one whose structure is ruled out by the conditions imposed. 

12 . Should compound I be optically active? 


CH. 



I 

Would you predict its oxime to be optically active? 

13. Give the R-S nomenclature for 



14. Give the structural formulas for l(R), 4 (S)-methyl- 2 -norbomene and for the 
1(B),4(R) isomer. 

16. Should l(S), 2 (R)-cyclohexaiiediol be optically active? 



Organic Compounds of 
Sulfur and Phosphorus 


Organic compounds of sulfur and phosphorus are becoming increasingly 
important, but time in the first-year course does not permit more than a 
cursory treatment of these compounds. 

18.1 TYPES OF SULFUR COMPOUNDS 

Sulfur appears right l>elow oxygen in the periodic table and is expected, 
therefore, to be dicovalent. In fact, sulfur forms many compounds analogous 
to those of oxygen in whicli sulfur occurs in place of oxygen. 


Oxygen Compound 


Sulfur Analog 

Alcohol 

ROH 

RSH 

Mercaptan or alkanethiol 

Ether 

ROR 

RSR 

Sulfide or thioether 

Peroxide 

ROOR 

RSSR 

Disulfide 

Acid 

RCOOH 

RCOSH 

Thioacid 



RCSSH 

Dithioacid 

Aldehyde 

RCHO 

RCHS 

Thioaldehyde or thial 

Ketone 

RCOR 

RCSR 

Thioketone or thione 


By using d orbitals, sulfur and phosphorus may accommodate up to 18 
electrons in their valence shells. Several types of compounds are known in 
which 10 or 12 electrons are in the sulfur or phosphorus valence shell. For such 
compounds, there is no single electronic structure. The molecules are reso¬ 
nance hybrids. 


0 

0- 

11 

R—S—R, 

1 + 

R—S—R 

0 

0- 

1 

r 

U 

R—S—R 

II 

0 

i- 

0 

• 

0- 

—S—OH, 

1 + 

R—S—OH 


Sulfoxide 


Sulfone 


Sulfonic acid 



460 


TEXTBOOK OF ORGANIC CHEMISTRY 


In each of the compouiida above, the organic groups may be aliphatic or 
aromatic. 

1B.2 MERCAPTANS 

The I.U.C. system of naming mercaptans follows that for alcohols, with the 
suffix -of changed to -tiiiol. When the alkyl group is a simple one, its name may 
be given, followed by the word mercaptan. 

CHi—CH 2 —CH—CHj 2-butanethiol or sec.-butyl mercaptan 

SH 

On the other hand, the —SH group may be regarded as a substituent, in which 
case it is called a mercapto-, thiol-, or eulfhydryl group. For illustration, 
CH 3 —CH—COOH may be called a-mercaptopropionic acid. 

SH 

A common method of preparing mercaptans involves the replacement of 
halogens by the SH group (Sec. 9.4e). 

R—X -I- KSH -» R—SH -I- KX 

Mercaptans form much weaker hydrogen bonds than alcohols, owing to the 
electronegativity of sulfur being much lower than tliat of oxygen (cf. Sec. 
10.5). As a result, mercaptans are lower boiling and less soluble in water than 
are alcohols. In sharp contrast to the bland odor of alcohols, mercaptans have 
extremely disagreeable odors. One of the constituents of the skunk secretion 
is n-butyl mercaptan. However, the offensive odor of mercaptans decreases 
with increasing molecular weight, and some of the heavy mercaptans have 
pleasant odors at high dilution. The lower mercaptans are very toxic, as is 
also hydrogen sulfide. 

Mercaptans are weak acids and dissolve in aqueous alkali. They are readily 
precipitated by heayy metal ions. It is from such a reaction with mercury 
.salts that the name mercaptan arose (L. mercurium captans, seizing mercury). 
During World War II, the British developed an antidote for the arsenical war 
gas Lewisite (Cl—CH=CH—Asf^^lj). 1,2'Dithioglycerol or 2,3-dimercapto- 
propanol, called BAL for British Anti-Lewisite, blocks the toxic effect of 
arsenic compounds by forming stable reaction products with trivalent arsenic. 
This prevents the action of arsenic on enzymes containing thiol groups. 
BAL is now used as a general antidote for heavy metal poisoning. 

CHr-CH—CH,OH 

^H SH 
BAL 

Mercaptans are easily oxidized. Mild oxidizing agents, such as iodine or 
air, convert thiols to disulfides. 
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2R—SH + It — » R—S—S—R -h 2HI 
Stronger oxidizing agents, such as nitric acid or permanganate, carry the 
oxidation to sulfoxides, sulfones, or sulfonic acids. Sulfonic acids, like carbox¬ 
ylic acids, are stabilized by resonance and resist further action of oxidizing 
agents. Sultides can be smoothly oxidized to sulfoxides with sodium periodate. 

RjS R,S=0 


18.3 ARYLSULFONIC ACIDS 

a. Preparation. Arylsulfonic acids are commonly prepared by sulfonation 
with concentrated sulfuric acid.' 

+ HOSOall — 0—SO,H + HOH 

The SOsH group is m-orienting and ring-deactivating, making it increasingly 
more difficult for di- and trisubstitution. This is unimfwrtant, because one 
SO 3 H group will usually serve most purposes. 

The benzenesulfonic acids are strong acids, very soluble in water, and 
sparijigly soluble in ether. This makes them somewhat difficult to isolate from 
the sulfonation reaction mixture. The mixture can hardly be evaporated be¬ 
cause .sulfuric acid boils at a high temperature. One procedure is to add 
carefully just the right amount of barium chloride solution to precipitate the 
sulfuric acid as BaS 04 , then boil off the water and HCl. This is tedious and 
exacting, because excess Bad: would just add a new contaminant. The 
general practice is to precipitate the sodium or potassium salt by adding a 
large volume of saturated aqueous sodium or potassium chloride. The alkali 
salt precipitates as Avhite crystals. Fortunately, the alkali salts may be used 
for most reactions and uses of arysulfonic acids. 


b. Chemical properties. 

Replacement by H: 

^SO,H + HOH ^ 0—H -b HOSOiH 

This is the reverse of sulfonation. In strong, dilute acid, the SOjH group is 
hydrolyzed off and the desulfonated product may often be steam distilled 
from the reaction mixture. The arylsulfonic acid is not steam distillable, since 
it is w’ater soluble. 


Replacement by OH: 


2f^ 

^SO,Na + 2NaOH —► ^ONa -b Na^SOs -b HOH 


|HiO+ 


•^H 


' An alternative method is to lue SOi in liquid sulfur dioxide. The arylsulfonic acids are 
easily recovered from this reaction mixture. 
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The pyrolysis of the dry salts is carried out at the fusion point of NaOH. It 
provides one of the older methods of producing phenol commercially but is not 
used often in the laboratory. The common laboratory method of preparing 
phenols was taken up in Section 10.3c. 

Replacement by CN: 

^SOaNa + NaCN ^ CN + Na^SO, 

Either the sodium or potassium salts may be used in these fusion reactions. 
This reaction is used for the preparation of benzonitriles only occasionally, 
since they may be prepared by more efficient reactions shown in Section 16.2d. 
This reaction may be used to verify the position of the SOaNa group. The 
resulting cyanide is hydrolyzed to the acid, and the melting point of the acid 
compared with that of a known sample. For illustration; 


CHa CHa CH, 



SOaNa CN COOH 


p-Toluic acid 

If the melting point of the product is identical to that of an authentic sample 
of p-toluic acid, then the SOaNa group had to be para to the CHa group. In 
any other position, a different toluic acid isomer would result. 

Bemeneeulfonyl chlorides: 

^SOjNa + PCI. -»^SO.Cl + NaCl + POCli 
or 

+ HOSOtCl ^SO,H -H HCl 

*-SO.Cl + HOSO,H 

Benzenesulfonyl chlorides may be prepared from a sodium benzenesulfonate 
and phosphorus pentachloride, or by reacting two moles of chlorosulfonic 
acid with a benzene derivative. The bond structure of the sulfonyl group is 
a resonance hybrid of two structures, with the larger contribution from the 
first form. 

O 0- 

II u 

^S—Cl, 6-S-Cl 

II I + 


0 
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The benzenesulfonyl chlorides have chemical properties similar to those of 
carboxylic acid chlorides, the most prominent property being their reaction 
with compounds having active hydrogen atoms. 

6-SO,Cl + HNR, 6—SO,NR, + HCl 


This reaction is used in the Hinsberg method of separating amines (page 
412), which should be reviewed at this time. The product is an amide; there* 
fore, it is easily recrystallized and is sharp melting. For this reason, they 
serve as good derivatives for confirming the identity of the corresponding 
benzenesulfonic acids or of primary and secondary amines. The reaction also 
offers a method of preparing many sulfa drugs. 



Sulfapyridine 



Chloramine T 


Sulfanilamide may be regarded as the parent of the sulfa drugs. Its name 
is derived from that of the corresponding acid. 



Sulfanilamide 


SO,H 



NH, 


Sulfanilic acid 



m-Aminobenzenesulfonic acid 


The o- and m^amino derivatives of benzenesulfonic acid are named as such, 
but the para isomer has the common name, sulfanilic acid. 


18.4 USES OF SOME SULFUR COMPOUNDS 

Derivatives of sulfonic acids have several uses. Mention has already been 
made of the Hinsberg separation of amines and of the miraculous sulfa drugs. 
Since the SO|H group imports water solubility, many dyes and drugs are 
sulfonated just to make them soluble in aqueous media. Saccharin and 
Sucatyl, the only two sweetening agents permitted by the Food and Drug 
Administration, are sulfur-containing compounds. 
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CH, 

C“0 

/ \ 

A/ \ 

H,C CH, 

[ i NH 

1 1 

V\ / 

H,C CH-NH-SO,Na 

so, 

\ / 


CH, 

Saccharin 

Sucaryl 

(306 times as sweet 

(33 times as sweet 

as table sugar) 

aa table sugar) 


The well-known agent of chemical warfare during World War 1, mustard yas, 
is 4-chloroethyl sulfide, Cl—CH»CHi—S—CHjCHi—Cl. It is a heavy, oily, 
liquid of boiling point 217° C. It was not used during World War II, perhaps 
as a result of the enemy's fear of retaliation. 

18.5 PHOSPHORUS COMPOUNDS 

Some of the more common organic phosphorus compounds are the phos¬ 
phines, the phosphorous acids, and their esters: 

0 


RPH, 

RJH 

R,P 

Phosphines 


II 

R—P—(OH), 

Phosphonic 

acidfl 

(RO),P 
Alkyl phosphites 


R—P—(OR), 

Phoaphonfttes 


(R0),P=0 
Alkyl phosphates 


A highly useful class of phosphorus compounds for organic synthesis is 
that of the phosphorus ylenes, R,P=CRi. These are resonance hybrids of a 
polar and a nonpolar structure 


RiP=CR, , R,P—CR, 


and the nucleophilic character of the carbon is shown by their reaction with 
alkyl halides or carbonyl groups: 

r 


0*P—CRi + RiC—0 I RiC I 

L V-.J 

i 

R,C“CR, “h 

Thus, this reaction, known as the WiUig reaction, provides a simple method 
of converting a C—O group into a '^C«-CRi group. For example, com- 



OKGANK COMPOUNDS Of SULFUK AND PHOSPHORUS 


465 


pare this single step method to the sequence of reactions you used in response 
to question 21 in Test Question Set 12. A good illustration of the Wittig 
reaction is its use to prepare polyenes from simple starting compounds: 

CHe-CH—CHjBr + P«, -► 

CH,—CH—CH^P^3r--► CH:—CH—CH—P* 

ur CHi—CH-CHO 

CH?-CH—CH—CH—CH—CH, 

1,3,5-Hexatriene 

By the same sequence of reactions, one could use cinnamaldehyde and 
1,3-dibromopropane to prepare l,9-diphenyl-l,3,6,8-nonatetraeDe: 

BrCH,CHjCH,Br + 2«CH=CH— CHO --- 

,/r-CH=CH—CH=CH—CHr-CH=CH—CH—CH-^ 


Alkyl phosphates arc used commercially as alkylating agents, and as high- 
temperature lubricants. Phosphoric acid anhydrides are extremely important 
in biological systems. 


0 0 

I I ! I 

II I! 

HO—P—0—P-OH 

!l i! 

0 0 

PyrophoHphoric acid 


0 0 0 

II II II 

Adenosine—0—P—0—P—0—P—OH 

II 11 II 


Adenosine triphoephste 
(ATP) 


When the anhydride bond is broken by hydrolysis, a large amount of energy 
is liberated. ATP is formed by the action of inorganic phosphate on the 
biological constituent adenosine (a complex nitrogenous sugar derivative), 
catalyzed by enzymes. W'hen ATP reacts with other cell substances, con¬ 
siderable energy is released. Such a reaction provides the energy for many 
processes of organisms, such as muscle contraction, protein formation, fat 
degradation, and so forth. 


STUDY EXERCISES 

1. Give the name of sulfur analogues of the various classes of oxygen-containing 
organic compounds. 

2. What is BAL, and what is its use? 

3. Give names for the following compounds; 


(a) (CH,)2CH-S0,H 

(b) CH,CH,CHSHCH,CH, 
(o) (C,H,0),P0 

(d) CH,-S-CH,CH,CH, 

(e) CHr-SOr-CH,CH,CH, 


(f) (C.H.O),P-OH 

II 

0 

(g) C,H,-SO-CH(CH,), 

(h) (CH/)),POH 
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4. Starting with alcohols or hydrocubons, how can the following be prepared; 
(a) isopropyl mercaptanp (b) diethyl sulfide, (c) diethyl sulfate, (d) ethyl phosphate, 
(e) p*toluenesulfonamide, (f) n-propylsulfonic acid? 

5. How could butyl mercaptan be separated from the fats found in the secretion of 
tbe skunk? 

6. How could glycerol be separated from dithioglycerol? 

7. Predict the better solvent for sulfoxides, chloroform or carbon tetrachloride, and 
explain the basis for your prediction. 

8. How could one separate and isolate the components in the following mixtures 
without using fractional distillation other than the separation from ether: (a) toluene- 
sulfonic acid, p-methylbenzoic acid, and toluene; (b) cyclohcxylamine, benzoic acid, 
pKshlorotoluene, and N-methylcyclohexylamine? 
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Molecular Association and 
Organometallic Compounds 


19.1 CHARGE-TRANSFER COMPLEXES 

In several places in this book, mention has been made of molecular addition 
compounds, such as the picrates of amines, and quinhydrone. No attempt 
was made to give the structures of these compounds, because the bonding 
betwecm components is not easily symbolized as are covalent or simple ionic 
bonds. 

For many years it has been known that certain substances combine in a 
1:1 molar ratio to form crystalline addition products, referred to as molecular 
addilion compounds. One component is always an electrophilic substance, i.e., 
electron seeking, and the other component is an electron-donor compound. 
X-ray diffraction studies have shown that the crystals of molecular addition 
compounds consist of alternate layers of the two components. What has 
puzzled chemists is the nature of the bonding between components. The bond¬ 
ing is not ionic, for solutions of the complexes are nonconducting. On the 
other hand, there is no typical covalent bond between an atom of one com¬ 
ponent and an atom of the other component. The major argument against 
this possibility is that the layers are too far apart for strong interatomic 
covalent bonding. Several theories have been advanced to account for this 
bonding. The most widely accepted view at this time is that there is a complex 
bond of partial ionic and partial covalent character between the two com¬ 
ponents. There is a loose electronic intermolecular interaction between com¬ 
ponents which gives rise to what has been called a charge-transfer bond or 
an intermolecular coordinate covalent bond; i.e., the bond has a covalent and 

■f ” 

an ionic character like a coordinate covalent bond in H|N—BXj. However, 
the covalent bonding is not between any two specific atoms, but between 
two molecules as a whole. One molecule, which can be designated A, is the 
electron-pair donor; and the other molecule, which shall be called B, is an 
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electron-pair acceptor. The stability of the moleciilar addition compound is 
increased by having electron donating groups in A, and electron withdrawing 
groups in B. Accordingly, polynitro compounds (picric acid, trinitrobenzene, 
tetranitromethane, etc.) and quinones are the most common types used for 
the electron accepting component. 

This concept of the bonding in molecular addition compounds cannot be 
symbolized by a single structural formula. In terms of resonance theory, the 
structure may be described as a resonance hybrid of forms such as the follow¬ 
ing, where aniline-trinitrobenzene is taken as an example. Keep in mind that 
the planes of the molecules are parallel, but not necessarily exactly face-to- 
face. 


0 ‘ 0 " 



Many forms may be written in which the positive charge may reside on any 
of the carbons or the NH: group of aniline and the negative charge may 
reside on any of the carbons or NOj group of trinitrobenzene, and the bond 
between rings may involve any two carbons of each ring. Thus, the bonding 
between molecules does not involve any two specific atoms, and for this 
reason is called an intennolecular bond. There is an over-all sharing of an elec¬ 
tron pair, giving the bond a covalent character, and still there is some ionic 
attraction betw'een the fractional positive charge that arises on A and the 
fractional negative charge that arises on B. It can be seen, then, that the 
bonding is well described by the term intermolecular coordinate covakrU bond 
and that it is too complex to be represented by conventional structural 
formulas. 

Molecular addition compounds serve in a useful capacity in several ways. 
They are used for the isolation, purification, and identification of amines and 
polynuclear bydh>carbon8. Most amines form picrates, for example, which 
serve as derivatives for the identification of the amines. The picrates may be 
formed, purified by recrystallization, and then decomposed in alkali to release 
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the amine. In this fashion, an amine may be isolated from a reaction mixture 
in the form of its picrate, and subsequently recovered from the picrate. In 
recent years, much use has been made of silver nitrate complexes of alkenes 
for isolation of, and derivative formation from, the alkenes. In some instances, 
one can resolve ex's and Irans mixtures as a result of preferential complex 
formation of silver nitrate with one or the other isomer. 

In addition to association through hydrogen bonds as discussed in Section 
10.5, it has been observed in recent years that many substances associate in 
solution through charge-transfer bonds. For example, the electron-donor 
compounds, listed in Table 11).1, form molecular complexes with the elec¬ 
trophilic substances listed. These molecular complexes usually contain the 
components in a 1:1 molar ratio and are generally more deeply colored than 
their components. For instance, quinhydrones are composed of white hydro- 
quinones and yellow quinones and are almost black. 

The intercomponent bonding in the charge-transfer complexes is essentially 
the same in solution as in the solid state. 

Again, the structures may be described as resonance hybrids of many 
forms, such as, for example, the structure of a silver ion-alkene complex: 


R,C=CR2, r/>-CR,, RjC-CRs, 

+ / \ 

Ag Ag Ag 

and the structure of an alkene-halogen complex: 


RiC-CRi 

\ 4 ./ 

Ag 


R,C=CR,, R.C—CR., 

x-x x-x- 


RsC—CR, 

i 

-X—X 


TABLE 19.1. 


Electrophilic reagent -|- electron donor compound ^ molecular complex 


A 

Halogens 
Picric acid 
Quinone 

Ions of Ag, Cu, etc. 
T etranitromethane 
Trinitrobenzene 


B ;^A:B, "A—B+ 


+ 


"Alkyl halides 
Alkenes 

Aromatic hydrocarbons, 
I amines, phenols, etc 
Alkynes 


Charge-transfer complexes may play important roles in biological systems. 
For example, the substance in our eyes required for night vision, popularly 
called visual purple, consists of a pale-yellow organic compound bound to a 
colorless protein. The two components occur in a 1:1 molar ratio, giving the 
intensely colored, light-sensitive visual purple. 



470 


TEXTBOOK OF ORGANIC CHEMISTRY 


19.2 INCLUSION COMPLEXES 

One of the most recently discovered complexes arising through molecular 
association are the inclusion complexes. They are crystalline compounds which 
arise when certain substances crystallize and entrap other molecules in the 
open cavities of the crystal lattices. For example, in the presence of straight- 
chain aliphatic compounds, urea crystallizes in the form of coils and entraps 
the straight-chain compounds down the center channels. Clean, crystalline 
complexes result. 

There are three general types of inclusion complexes which differ in the 
shape of the hollow cavities of the crystal lattice network. One type has a 
channel-shaped cavity as mentioned above for the urea complexes. The starch- 
iodine complexes also are of this type. The polysaccharin chain forms a coil 
and traps the iodine molecules within the central channel. Amylose will 
include other types of molecules besides iodine—fatty acids, for example—and 
in the presence of fatty acids amylose does not give the blue color with 
iodine. Apparently the starch forms the colorless complex with the fatty acid 
in preference to the blue iodine complex. It is beyond the scope of this discus¬ 
sion to explain the blue color of the starch-iodine complexes, A second type 
of inclusion compound called Clathrates is a cage type in which the cavities 
have various polygonal shapes. This type is formed when, for example, hydro- 
quinone or catechol crystals enclose small molecules like sulfur dioxide, formic 
acid, methanol, nitric oxide, oxygen, or the inert elements. The third type of 
inclusion compound is a layer type in which one substance crystallizes in 
layers and traps the foreign molecules between planes. Usually, the imprisoned 
molecules of inclusion compounds can be liberated by any process that 
destroys the crystal framework, such as melting or solvent action. There is 
no apparent chemical attraction between the com}X)nents of these complexes. 
The binding forces are of the order of adsorption forces, i.e., van der Waals 
and dipolar forces. 

The diameter of the tubular space of the urea complexes is fixed and only 
molecules with the dimensions to fit the channels will form complexes. It so 
happens that hydrocarbon straight chains fit snugly, but branched chains are 
too large. On the other hand, thiourea forms the same type of complex as 
urea, but the channel of the helix is larger in diameter. It is too large to hold 
straight-chain compounds, except the very long chains, but it will retain 
branched-chain and cyclic derivatives. Consequently, inclusion compounds 
provide a powerful tool for resolving mixtures, because their formation 
depends upon molecular shape and size. For example, it is known that 
branched-chain hydrocarbons make better motor fuels than straight-chain 
hydrocarbons, and removal of the latter through their urea complexes raises 
the octane rating of some petroleum products. One has only to mix the fuel 
with a saturated aqueous urea solution, and, after allowing time for the urea 
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complex of the straight-chain hydrocarbons to precipitate, one can run off the 
upgraded fuel. In other instances, fats and waxes are purified by removing 
fatty acids in the form of their urea complexes. Substances may be stored in 
the form of their urea complexes for protection. Thus, autooxidizable mate¬ 
rials, such as unsaturated oils and fatty acids, are completely stable when 
stored in the form of their urea complexes. Experiments are being done to 
use inclusion compounds for dispensing unstable food nutrients, such as 
vitamin A. Also, complexes of some optically active isomers have different 
solubilities, and some racemic mixtures have been resolved through their 
inclusion complexes. 

It has been known for some time that the steroid desoxycholic acid forms 
layer-type inclusion compounds with many organic compounds, including 
hydrocarbons. These complexes, called choleic adds, dissolve in alkaline media 

H,C CH, COOH 

\ / \ / 

HO CH CH, 



Desoxycholic acid 


without decomposition; thus, they offer a means of getting hydrocarbons into 
aqueous solution. Such comple.\es appear to have an important function in 
biological systems. One theory for the assimilation of fats in the intestines is 
that steroidal compounds form soluble inclusion complexes with fats or hy¬ 
drolyzed fats that diffuse across the cell membranes, and then release the 
fats or fatty acids after reaching the blood or lymph stream. In this connec¬ 
tion, it is already known that aqueous solutions of sodium desoxyribonucleate 
and other purines (complex heterocyclic nitrogenous compounds) dissolve 
many aromatic amines and polynuclear hydrocarbons. 

19.3 ORGANOMETALLIC COMPOUNDS 

a. Simple-bonded compounds. Use has been made of organometallic com¬ 
pounds several times throughout the text. For instance, Grignard reagents 
and alkoxides have been used frequently. Organometallic compounds in which 
the metal is bonded to carbon may be largely ionic or largely covalent. Most 
alkali and alkaline earth organometallics consist of ions or ion pairs: 
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RNa 

RMgX ^Li 

R—C*CNa 

Alkylsodium 

Alkylmagneflium Phenyllithium 

halide 

(Grignard reagent) 

Sodium 

alkynide 


RZnR 



Dialkylzinc 



Lithium compounds are exceptional in that they are fairly covalent and dis¬ 
solve in hydrocarbon solvents. Some organometallic compounds of group IV 
elements and of transition metals are covalent: 

RiSn R4Si R—CsC~Ag <t >—HgCl 

Tetraalkyltin Tetraalkylsilane Silver Phenylmercuric 

alkynide chloride 

Most organometallics involving metal-oxygen bonds are ionic (primarily be¬ 
cause of the large difference in electronegativity between the metal and 
oxygen): 

NaOR «OK 

Sodium alkoxide Potassium phenoxide 

Some organometallics are prepared from the respective alkyl or aryl halides 
in hydrocarbon or ether solvents: 

n-C4H9l -|- Zn -+ n-C 4 H,ZnI 


CiHiBr -f- 2Li —> CjILLi -j- LiBr 


Some hydrocarbons are sufficiently acidic to react with metals directly; 
r_C=C-H -t- Na-i^ R-C=CNa -|- iH, 

K—+^CHK-f iH, 

A few hydrocarbons will even react with sodium amide; 

R— CseC— H -I- NaNHj ^ R-CsCNa + NH, 


If an organometallic compound is mixed with a compound more acidic than 
the compound from which the organometallic is derived, an acid-base ex¬ 
change will occur. For example, benzene reacts with an alkylsodium to give 
the alkane and phenylsodium; 


^—H -j- RNa ^Na -1- R—H 


ot-Picoline will displace benzene: 



CHi -(- ^Li 


Cl CH|Li -|- 0—H 


In this manner, the order of relative acidity of some hydrocarbons is found 
to be 
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Alkane < benzene < toluene < triphenylmethane 


Most of the arylmercurials are prepared by direct mercuration with mercuric 
acetate. 


OH 


+ Hg(OAc)a 


OH 

I HgOAc 



+ AcOH 


Much of the chemistry of the organometallics was discussed when the 
various compounds were used throughout this book. The major difference 
between the ionic and covalent compounds is that the ionic organometallics 
rapidly hydrolyze in water, whereas the covalent compounds are inert and 
insoluble in water. Most of the alkali and alkaline earth organometallics are 
rapidly oxidized in air. Some are even flammable in air. 

Several aromatic mercury compounds are used as antiseptics. An old one is 
Mercurochroinc. Two which are much more potent are Melaphen and Merlhio~ 
late. These last two are colorless compounds, to which a red dye is added to 
increase public acceptance. 



Mercuroc'hrume Merthiolale Metaphen 


The most important lead compound is tetraethyllead. It is made from 
ethyl chloride and sodium-lead alloy. 

4C,HjCl -I- Na*Pb -► (C,Hi)«Pb + 4NaCl 

It is covalent like the mercury compounds; hence, it is stable in water, but 
may be cleaved in hydrochloric acid. 

b. Chelates. The chelates constitute a \'ery important class of organometal- 
lic compounds, W hen a molecule contains two coordinating atoms in sudi a 
position that they may form a ring with a third atom or ion, the resulting 
complex is called a chelate compound. The terra chelate (pronounced key-laUi) 
is derived from the Greek word chela, meaning claw. The ring-closing atom is 
held in a molecular claw. Bond angle requirements restrict the most stable 
chelates to a five-membered, singly bonded ring, or a six-membered ring with 
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two double bonds. The complexes of cuprous ion with glycine and of nickel 
ion mth acetylacetone are examples of these two groups of chelates. 

CH, CH, 

\ / 

C—0 0—c 

/ \ / \ 

HC Ni CH 

\ ••• / 

c=o o=c 

/ \ 

CH, CH, 

The dotted line is used to indicate the coordinate covalent bond, although 
in some chelates the two bonds to the central atom are identical or nearly so. 
For example, the four structures 1-lV for cupric acetylacetone are equivalent, 
making the four bonds to copper identical; i.e., cupric acetylacetone is a 


CH, 

CH, 

CH, 

CH, 

\ 

/ 

/ 

\ 

/ 

C-O 0- 

-C 

C=0 

0=C 

/ \ / 

\ 

/ ■ 
HC 

•. .•■ \ 

HC Cu 

CH 

Cu CH 

\ 

/ 

\ / \ / 

c =0 0= 

=C 

c—o 

0-C 

/ 

\ 

/ 

\ 

CH, 

CH, 

CH, 

CH, 

I 



11 

CH, 

CH, 

CH, 

CH, 

\ 

/ 

\ 

/ 

C=0 0- 

C 

C-0 

o=c 

/ ■•. / 

\ 

/ ' 

HC 

\ .•■ \ 

HC Cu 

CII 

Cu CH 

\ / 

/ 

\ . 

\ / 

c-n (3=c 

c=o 

0-C 

/ 

\ 

/ 

\ 

CH, 

CH, 

CH, 

CH, 

in 



IV 


resonance hybrid of I-IV. Amino nitrogen, and carbonyl, hydroxyl, and ether 
oxygen atoms possess unshared electron pairs, and are the most common 
atoms to form chelate rings with a metal ion. 

Chelates possess varying degrees of stability, water solubility, and ionic 
character. Those which are quite covalent are volatile and soluble in organic 
liquids. Chelates are used now in almost every held of chemical activity, 
ranging from dyestuffs through a broad application in analytical chemistry, 
to utilization in biological systems. Most applications make use of chelating 
organic compounds either to dissolve or to precipitate some metal ion. For 
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instance, Fehling’s solution uses tartrate ion to solubilize cupric ion in a basic 
solution, whereas dimethylglyoxime is used to precipitate nickel in analytical 
chemistry. In this connection, two compounds used extensively in recent years 
are 8-hydroxy quinoline (Oxine) and ethylenediaminetetraacetic acid (EDTA). 
Versene is a trade name of the tetrasodium salt of EDTA. 


COr 

I 

0—CH 

/ 

Cu 

\ 

0-CH 

I 

CO2- 

Cupric tartrate 
(ion of rchling's 
solution) 


O-H-O- 



Nickel Univalent metal 

dimethylglyoxime chelate of Oxine 


HOOC-CH 2 CH 2 -COOH 

\ / 

N-CHjCHj-N 

/ \ 

HOOC-CIIs CHs-COOH 

EDTA 


NaOOC-CH, CH,- 

\ / 

N 


-GHz CHj-COONa 

\ / 

N 


/ ■ 

/ 

HsC 

\ 

C-0 

// 

0 



Copper ethylenediaminetetraacetate 

EDTA is usually used to hold metal ions in solution, and Oxine is used to 
precipitate ions. The solubility of chelates may be altered by changing the pH 
of the medium, and considerable specificity may be achieved by proper 
manipulation of conditions. For illustration, the selective precipitation of ions 
in a mixture of tungsten, iron, and aluminum may be done as follows. At 
pH » 5, Oxine precipitates all three ions quantitatively, but in the presence 
of EDTA, only tungsten is precipitated; i.e., iron and aluminum form soluble 
chelates with EDTA which are too stable at this pH to be precipitated by 
Oxine. However, the iron-oxine chelate may be precipitated by raising the 
pH to 8-9. This leaves the aluminum in solution, which may be precipitated 
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at a still higher pH. Many such selective precipitations or dissolutions of 
metals have been developed for a wide variety of applications, as can he seen 
from the following partial list of uses of chelates; 

Dyeing or bleaching textiles 
Antioxidants 
Ion exchange separations 
Water softeners 

Qualitative and quantitative analysis 

Supplying nutrients and mineral deficiencies to agricultural crops 
Stabilization of pharmaceuticals 
Radioactivity decontamination 

Production of rubber, metal finishes, leather, and miscellaneous com¬ 
modities 

Removal of metal poisons from living systems 

An interesting use of chelates not listed above is the reversible adsorption 
of gases. Salcomine is capable of selectively adsorbing oxygen from cold air 
(resembling hemoglobin in this capacity) and of evolving the pure gas when 
heated to 50” to 60”. As a result, a chamber of Salcomine can serve as a supply 
of pure oxygen and is safer to use than a cylinder of liquid oxygen. 



Salcomine 


c. Molecular sandwich compounds. The methylene hydrocarbons of cyclo- 
pentadiene are sufficiently acidic to react with alkali metals and Grignard 
reagents. The cyclopentadienyl ion, CjHr, may be attached to a metal in 
one of three ways: 

1. By an ionic bond, as is the case with alkali metals and in Grignard 
reagents. 

Na->C,HsNa-|- iH, 

CsH, + RMgX C,H»MgX -h RH 

These organometallics are crystalline salts, hydrolyze in water to liberate 
cyclopentadiene, are insoluble in hydrocarbons but fairly soluble in ethers, 
and usually react slowly with air. 

2 . By an interaUmic covalent bond as in CtHiSi(CHa)). 
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H 

CH, 

Si—CH, 

/ 

CH, 

3. By an intermolecular coordinaie covalent bond. This third type of com¬ 
pound is formed primarily with the transition metals Fe, Co, Ni, Cr, etc., 
which have available d orbitals. Crystalline samples have been analyzed by 
X-ray diffraction and found to consist of the metal “sandwiched" between 
two parallel cyclopentadienyl rings. The first compound of this type to be 
discovered and the most extensively studied is 6ts-(cyclopentadienyl)-iron, 
(CsHOiFe, commonly called ferrocene. Ferrocene is an orange, crystalline solid, 
which melts at 173® to 174° and boils near 249°. It is readily soluble in com¬ 
mon organic solvents, such as benzene, ether, and alcohol. In these sandwich 
compounds, each cyclopentadienyl ring exhibits aromatic character (cf. Sec¬ 
tion 7.7). For example, these compounds do not undergo a Diels-Alder reac¬ 
tion with maleic anhydride (cyclopentadiene does), they are not hydrogenated 
over platinum catalyst, they undergo substitution reactions like the Friedel- 
Crafts reaction, side chains may be oxidized without affecting the rings, and 
they do not polymerize. To account for the covalent character of the com¬ 
plexes (verified by magnetic susceptibility measurements) and the aromatic 
character of the cyclopentadienyl rings, these sandwich compounds have been 
given a pentagonal antiprisinatic structure as in I, where M is initially a 
metal cation. Infrared absorption spectra reveal that all carbon-carbon bonds 
are identical, and dipole moments suggest that the rings may rotate freely. 
In the complex, each cyclopentadienyl ring is a resonance hybrid of five 
completely equivalent structures. 


O'O'0-O'0 

Thus, the metal is equally bonded to each carbon atom, and the bonding is 
well described by the* term ifitermolecular coordinaie covalent bond. It repre¬ 
sents exactly what is meant by covalent bonding, because each component, 
the metal ion and a cyclopentadienyl ring, behaves as if it has the extra 
electron pair although neither has it completely. The metal is not ionic; hence 
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it acts as if it has accepted the electron pair, and at the same time, each 
cyclopentadienyl ring can be aromatic only if it has the electron pair. Conse¬ 
quently, the electron pairs are shared and each participant is as stable as if 
the electron pair belonged solely to it. 

The molecular sandwich compounds, as well as the molecular addition com¬ 
pounds, reveal the ability of aromatic rings to share electrons in a direction 
perpendicular to the plane of the rings. Other aromatic rings, including 
benzene, have been found to form these sandwich compounds. 

The sandwich compounds can be easily prepared from cyclopentadienyl- 
sodium. 


2C,H,Na -h MCl,-^ (C,H,),M -h 2NaCl 


They are typical aromatic compounds. Ferrocene, for example, is insoluble 
and unaffected by HiO, alkali, and even boiling concentrated hydrochloric 
acid. Ferrocene can be metalated or acetylated and then converted to the 
mono- and 6w-(carboxyl)-ferrocene8. 


C,H»FeCjH, 


A\Xi 


R-i!-X 


CiHiFeC»H,Li -1- Fe(CjH4Li)* 

V-^ 

COi, then HiO* 


Cai.FeC,H4GOR 


+ 

Fe(CfcH4COR)j 



+ 

HOOC— 



M onocarboxy Iferropene 


/ii«-(KarboxyI)-fcrrocene 


Most oxidizing agents oxidize the iron to the ferric state to produce ‘‘ferrici- 
nium ion.” Aqueous solutions of the ion are red when concentrated and blue 
when dilute. Because of oxidation of the iron, ferrocene cannot be halogenated 
or nitrated. 

Ferrocene is used commercially for promoting smokeless combustion of 
fuels. Other potential uses are to serve as antiknock agents, antioxidants, 
paint driers, and as catalysts for various organic reactions. 


STUDY EXERCISES 

1. Describe the bonding in (a) amine picrates, (b) ferrocene, (c) Grignard re¬ 
agents, (d) cuprous alanine, GHtCRNHiCO^Cu. 

2. What is (a) a molecular addition compound, (b) a molecular sandwich com¬ 
pound, (c) a chelate, (d) a charge-transfer bond, (e) an inclusion complex, (f) a use of 
picrates, (g) a use of inclusion compounds of urea. 
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3. How do inclusion compounds of urea and desoxyoholic acid differ? 

4. What possible role might inclusion complexes play in digestion? 

5. Name and give the structures of two organometallic compounds having exten¬ 
sive commercial or domestic use. 

6. How would one prepare (a) n-propylzinc iodide, (b) tetramethyllead, (c) 
2-hydroxy-3-methyl-phenylmercuric acetate? 

7. Which would be the more ionic, a Si—0 or a C—0 bond? 

8. Explain the fact that benzene is less soluble in aqueous KNOi than in water, 
but more soluble in aqueous AgNOi than in water. 

9. How can an impurity of n-decane be removed from a sample of Isooctane gaso¬ 
line? 

10. What facts point to the aromatic character of the cyclopentadienyl rings of 
ferrocene? 

11. What are two uses of chelates? Try to explain how the chelate might function 
in each of the two uses and compare your description with those, given in a reference 
book or by your instructor. 

12. Lithium acetylacetonate is sparingly soluble in chloroform and has a very high 
melting point, whereas beryllium acetylacetonate is soluble in chloroform and boils 
at 270° (m.p. 108°). What do you infer from these properties about the nature of the 
metal-organic bonding in these compounds? 



20 

Suggestions for a Review 


In the foregoing chapters we have discussed the chemistry of the common 
functional groups. Future chapters will be concerned with more complex 
substances containing many functional groups, but little additional basic 
organic chemistry will be encountered. It is appropriate, therefore, to review 
the organic chemistry learned up to this point in order to get it well organized. 
We have discussed many chemical reactions, and some form of systemiration 
is needed to coordinate most of this information. 

It is probably apparent by now that there is a substantial list of organic 
type-reactions that form the foundation of organic chemistry. In order to do 
any synthesis or analysis of organic compounds, these general type-reactions 
must be known, for although some may be deduced on a basis of reaction 
mechanisms, they still must be known from memory in order to plan syntheses 
or analyses wilh dispatch. For example, to work out a synthesis of acetic acid 
from methyl alcohol, a chemist would use reactions such as 


CHjCN 




HiO* 

“cHjCOOH 

COi, then HiO 


CHiMgBr 


and these must be familiar enough that he can think of them promptly. He 
would soon be dismissed as a chemist if he had to figure out these reactions 
by reaction mechanisms or analogy each time he wanted to use them. Of 
course, he may have to do this in planning new reactions or for unusual 
syntheses. It is the same for writing structures of organic compounds. At hrst, 
the student must concentrate in order to picture or draw the structures of 
isobutane, propylene, acetic acid, etc., and must check back to see if valence 
rules have been observed. Without special efforts to memorize these struc- 

4S0 
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tures, he is Boon able to write them almost subconsciously merely from usage 
and frequent contact. For complex compounds, he must apply the principles 
of nomenclature to arrive at the structure, but if he had to do this also for 
the most common compounds, he would be regarded as a poor organic 
chemist. 

As previously stated, there is a basic group of organic reactions that Ikust 
be known in order to do any work in organic chemistry expeditiously, and 
this is the group which the beginning organic student must learn. This does 
not mean rote memorization, however. Through use and association, these 
reactions become familiar without conscious effort to memorize them. It is 
specifically for this purpose that the Study Exercises should be worked. Then, 
to test one's progress and development, the Test Questions should be solved. 

One type of exercise is to give general equations for the preparation of 
each class of compound studied, i.e., preparation of alcohols, aldehydes, 
amines, etc. A second form of exercise is to state the reagents and conditions 
for transforming a given class of compound directly into another given class, 
that is, to indicate, for example, how an alkyl halide would be changed into a 
nitroalkane, or how a carboxylic acid would be reduced to an alcohol. A third 
sort of exercise is to use these reactions for the qualitative identification of a 
given class or for the qualitative distinction between two or more classes. 
For example, a chemist distinguishes an unsaturated hydrocarbon from a 
saturated hydrocarbon on the basis of the difference in their reactions with 
bromine or aqueous permanganate. A fourth kind of exercise, and the one 
which requires the greatest recollection of the type-reactions, is to figure out 
a sequence of reactions for multistep syntheses; for example, to work out the 
preparation of n-butyl alcohol from n-propyl alcohol or the preparation of 
adipic acid from phenol. Each one of these forms of exercise has been practiced 
all along in the Study Exercises and Test Questions. 

It is also apparent that many of the general reactions were encountered 
several times for different purposes. Thus, the reaction of RCOOH -|- R'OH 
RCOOR' -f- HOH was considered among the chemical properties of alcohols, 
then among the chemical properties of acids, then as a preparative method 
for esters, and finally as a chemical property of esters. To help the student 
recognize the interrelationships among the most common type-reactions, the 
following exercises and summaries are given. These should prevent him from 
getting the impression that organic chemistry is just a mass of unrelated 
reactions. 

20.1 RECOMMENDED PLAN FOR REVIEW 

P'or the reasons stated in the Foreword and in Section 2.3, the student is 
urged to study with a small group. The following plan is recommended for 
students planning to make a comprehensive review. The essential points sug¬ 
gested have been incorporated into the Study Exercises and Test Questions, 
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BO that the student who has been doing well all along should start hU review 
at step 5 below and make certain that he can answer virtually all the Test 
Questions up to this point in the book. Students who have been away from 
organic chemistry for an interval of time, and those doing poorly in the 
current course should review as follows: 

1^ Write down the general equations for the preparation and chemical 
properties of each class of compound taken up in class. 

2. On a separate sheet, make up a list of questions asking for a reproduc¬ 
tion of these general equations; for example, "give three general equations 
for the preparation of primary alcohols.” Then write examples of each of these 
equations using real substances, i.e., not just general equations in which E 
groups are used, but with specific structural formulas. Questions of the type 
described here are usually the first few among the Study Exercises. 

3. Familiarize yourself with the physical properties of each class of com¬ 
pound taken up, attention being given to water solubility, ether or sulfuric 
acid solubility, acid or base character, and whether associated or not. Such 
properties form the basis for carrying out sejiarations of different classes of 
compounds. Questions of this type are included in the Test Questions. 

4. Note the differences in chemical properties of each class of compound 
taken up which permit their qualitative test-tube differentiation. Questions 
of this type are included in the Test Questions. 

Note: When stating how to distinguish one compound from another, indicate what 
one would observe in order to know that a certain proc.e88 has taken place. For example, 
in distinguishing valeraldehyde from ethyl ketone, do not say, "use Tollens' reagent, 
only the valeraldehyde will react.” Rather, say, "the valeraldehyde will reduce Tollens’ 
reagent, producing a .silver mirror or black precipitate, whereas the ketone will not.” 
Thus, one always uses a method which will produce a visible change, such as a precipi¬ 
tate, a color, a gas, an odor, a solution, etc. 

5. Give the reagents and conditions for crossing each of the arrows in the 
chart in Figure 20.1. The arrows are numbered so that answers corresponding 
to the numbers may be written on a separate sheet of paper. 

6. Given any one of the following classes of compounds, write the series of 
laboratory reactions that could be used to prepare any of the other classes: 
alkane, alkene, alkyne, alkyl halide, alcohol, aldehyde, oxime, nitrile, amide, 
ester, carboxylic acid, acid chloride, amine, and nitroalkane. Specify catalysts 
when such are normally used. 

Give the series of reactions that could be used in the laboratory to replace 
any one of the following groups when attached to a benzene ring by any one of 
the others: -NO,, —NH,, N=N—«, —CH,, —CH,OH, —CHO, —COOH, 
COOR, —SO,H, —H, —CN, ——CH,X, —X. For instance, start with 
nitrobenzene to prepare benzoic acid, bromobenzene, or toluene; or start with 
chlorobenzene to prepare nitrobenzene, benzoic acid, phenol, or azobenzene. 

7. Practice using the malonic ester and acetoacetic ester syntheses for 
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preparing substituted acetic acids, and using the acetoacetic ester synthesis 
also for preparing methyl ketones. Write out the series of consecutive reac¬ 
tions for multistep syntheses to go from a given compound to the next higher 
or next lower homolog, i.e., ROH to RCHjOH, or RCHjNHi to RNHj. 

An occasional task of an organic chemist is to prepare the next higher, or 
next lower homolog of a given class of compounds. For this purpose, common 
methods for increasing or decreasing a carbon chain by one carbon atom are 
summarized below. These reactions have already been discussed throughout 
the text. Many reactions arc chain-lengthening reactions, such as the Wurtz 
reaction and the aldol condensation, but these reactions add several carbon 
atoms and frequently the problem is to increase the chain by only one carbon 
atom. 


DEGRADATION METHODS 


RCOOH 

NaOH, CaO ^ « x 

- *■ R—H (for electronegative R groups) 

(1) 

RCOOHl 

► > R-NH, 


RCOCl 

RCOOR'J 

(2) 

RCONH, 

R—NH, 

A 

(3) 
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RCOOAg 

——»R—X 

A 

(4) 

R-COCl 

X 

(5) 

RCOCH, 

X,. NaOH 

-► RCOONa 

A 

(6) 


R—X-^R-CN- "" 


CHAIN-LENGTHENING METHODS 

RCOOH 

Na in c. 


RCH^NHj 


rC^CH RC=C—CH, 


1. HtCO 2. HiO* 


R—MgX- 


1. COi 


R—CH,OH 


2. HiO+ 


RCOOH 


1. HC(OE0i 2. MiO* 


♦ R—CHO 


HP V HiO+ 

R-CHO ^ R-CH-CN ^ R-CH-COjH 

A I 


OH 


OH 


dry HCI 


♦ R—CH—CONH, 


OH 


R-COCl *' > R—CHi-COOH 

2. AnO, HiO 

HEAaiONS PRODUCING CARBONIUM IONS 

-A-OH + H+ -4 -i+ + H,0 




+ 0T8- 


Tb tosylate 


/ \ \ 


OH 

C— 


^C-C^ + H+- 

/ \ 


/ 

H 

►—A— 

I \ 


—A-nh, 


-6- 


/ 

\ 


+ HONO 


► -A+ + N, 


+ 2H,0 


(7) 

( 8 ) 

(9) 

( 10 ) 

( 11 ) 

(12) 


(13) 




8. Give the reagents and any special conditions which could be used in 
the laboratory to carry out the following: 

ii. Hydrolyses 

1. 0-CCl,->^-C(X)H 

2. CHfOAc), 

3. 02C(OIt)j —► 

4. <^CH=NOH ^ ^-CHO 

5. —MgX —> il >—H 

6. 0-CHCl2^^-CHO 

7. 0—C=N -> ^CONH, 

8. ^CN-0-COjH 

9. ^C0-CH.-C0,C2H6 
_0_CO-CH, 

10. CH,-CO-C^CO,C,H. 
4>,CHCOOH 

9. State in one sentence each a contribution made to organic chemistry 
by the persons listed below. If it is for a reaction, an equation for the reac¬ 
tion will serve best. 

1. Wurti 7. Bergius 14. Gabriel 

2. Oppenauer 8. Markownikoff 15. Claisen 

3. Williamson 9. Diels and Alder 16. Arndt and Eistert 

4. Hunsdiecker 10. Thiele 17. Schotten and Baumann 

6. Meerwein, Ponndorf, 11. Hofmann 18. Schmidt 

and Verley 12. Cannizzaro 19. G. N. Lewis 

fl- Fischer and Tropsch 13. Hinsberg 20. H. C. Brown 


i. Dehydrations 

1. «^C(OH)—CH^ —> 0}C=C<^s 

2. ^^H=NOH -* </»—C=N 

3. CONH, C^N 
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21. Grignard 

22. ToUeoB 

23. Clemmenaen 

24. Kekul6 

25. Von Baeyer 

26. Perkin 

27. UUmann 

28. Sandmeyer 

29. Friedel and Crafts 

30. Kolbe and Schmitt 


31. A. Nobel 

32. A. C. Cope or V. Prelog 

33. Fittig 

34. Strecker 

35. Sommelet 

36. Beckmann 

37. Schiemann 

38. Rosenmund 

39. Gattermann 

40. Reformatsky 


41. Wolff and Kiahner 

42. Walden 

43. Reimer and Tiemann 

44. Lucas 

45. Saytzei! 

46. Michael 

47. Pauling 

48. Pasteur 

49. Birch 

50. Hiickel 


This type of question comprises some memory work but is a measure of 
maturity in organic chemistry, because organic chemists refer to many reac¬ 
tions, theories, and reagents by the names of their discoverers or contributors. 
For example, rather than give word equations for the reactions involved, a 
chemist would say that he used n-propyl bromide in a Wurtz reaction, or 
the Hofmann degradation of acetamide, or the Oppenauer oxidation of 
2-hexene-4-ol. The student should be able to visualize these reactions promptly 
when they are referred to. The more names one knows which are associated 
with significant chemical contributions, the more chemical conversations or 
articles he will be able to understand. The same is true in other fields, such as 
medicine. 


10. The specificity of organic redox reactions has been stressed through¬ 
out this book; for review, the student should indicate at least one reagent 
which can be used for carrying out the following oxidations or reductions in 
the laboratory. The answers may be found in the respective sections of the 
book. 


Oridalions 

1. 0—CH2OH - 

2. —H —^ —OH 

3. 

4. 0~CH=CHCH^H 

-»0—CH=CHCHO 

5. CH=CH-R -* <^~CHO 

6. 6—NHj —* <l> —NO2 

7. CH=CH—0 

CHOH--CHOH-« 

8. 02C(OH)—C(OH)(f^ 2(^,CO 

9. CH,-CJIn-^CH,- C,H6 

10. .A-CH,C1 f-GHO 

11. 0—^N=N-<<. 

12. ^NHOH 0^-NO 

13. 0—CH, — 0—COOH 

14. R-SH-»R-S-S-R 

15. Phenol —»Quinone 

16. lUCHOH —R,CO 

17. R-CHO R-COOH 


Redudiont 

1. 0—CHO —► 0 -—CH 2 OH 

2. 0-NOj-*0-NH,+ 

3. 0N2+->0—H 

4. 0—NOj —► 0—N=N—0 

5. 0—NO, 0—NH-NH -0 

6. 0-NO, 0-N+(O-)=N—0 

7. 0—NO, -»0-NHOH 

8. 0-COOR-.0-CH,OH 

9. 0-€ONH,-^-CH,NH, 

10. 0-CH,CH,NO, 0-CH,CH,NH, 

11. 0-CH,Cl -* 0-CH, 

12. 0-COCl - 0-CHO 

13. ^N - 0—CH,NH, 

14. 0- -COCl -* 0-CH,OH 

15. Quinone —»Hydroquinone 

16. R,CO->R,CH, 

17. R,CO - H«CHOH 

18. 2R,CO - R,C(OH)-C(OH)R, 

19. 3-Hexene ozonide —* 2 CH 1 CH 2 CHO 
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OxidtUioni Reactioru 

] 8. R-COCH, R-COOH 20, 3-Hexene ozonide -»2CH,CH,CH^H 

19. R-CH,CH,COOH R—COOH 21. p-0,N—CiH^—CH-=CH—CHO -» 

20. R-CO-CHOH-R p-0,N-C,H4-CH-CH-CH,0H 

—* R—CO—CO—R 22, Benzene -* l,4-cycloliex&dieue 

An example of the variation in products obtained with a variety of oxidizing 
agents is found in the oxidation of cyclopentene. If hydrogen peroxide in 
glacial acetic acid is used, the initial product is cyclopentene oxide, which can 
be hydrolyzed to lranz-l,2-cyclopentanedioI. 



Oxidation of the olefin with hydrogen peroxide in the presence of osmium 
tetroxide yields cjs-l,2-cyclopentanediol. 



Oxidation with selenium dioxide will produce 2-cyclopentenone, 

8«0i 

If lead tetraacetate is used, among the products is 3-acetoxycyclopentene, 
which can be hydrolyzed to 3-cyclopentenol. 



The several oxidizing agents lead to different products because they react by 
different mechanisms. 

11. Review the nomenclature, special uses, industrial preparation of each 
class of compound taken up, and the chemistry of rubber and petroleum. 

For practice, name the substance or substances in list B which would be 
selected for uses found in list A: 





1=0 


L=r 


A. Uses 

1- Fungicide 

2. Moth repellent 

3. AntifungUB agent on military equip¬ 

ment 

4. Fumigant 

5. Rodenticide 

6. High explosive 

7. Herbicide 

B. Skin mosquito repellent 


B. Substances 

1. Methyl bromide 

2. Pentachlorophenol 

3. 1080 

4. BAL 

5. RDX 

6. Ti-CigFgH 

7. Copper naphthenate 

8. p-Dichlorobenzene 

9. 2,4-D 
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B. SxA$Utneu 

10. Morphine 

11. Sodium dodecylbeniene Bolfonate 

12. Sucaryl 

13. Manganese linoleate 

14. Nylon 

16. Reserpine 

16. Diethyl toluamide 

17. Silicone 

18. Lucite 

19. Melmac 

20. Freon 

21. EDTA 

22. Celluloid 

23. Bakelite 

24. Polythene 

25. Cyclopropane 

26. TriOuoromethyl bromide 

27. Teflon 

28. Ethylene glycol 

29. Aluminum stearate 

30. Glycerol 

12. Explain the various physicochemical principles and theories taken up, 
and demonstrate their application; i.e., cite experimental observations which 
justify the concept or principle; 

Isomerism, tautomerism, steric hindrance, association, 1,4-addition, hom¬ 
ology, resonance, Markownikoff’s rule, induction, hydrogen bonding, etc. 

A good student will have a clear distinction in his mind between; (a) hy¬ 
drolysis, hydration, and hydrogenation, (b) oxidation and reduction, (c) tau¬ 
tomerism and resonance, and (d) isomerism, isomerization, and isomers. 

13. Be able to make calculations connected with extraction, oxidation- 
reduction reactions, and quantities based on stoichiometry, such as gas laws, 
per cent yields, neutralization, esterification, hydrolyses, addition reactions, 
etc. 

14. See your instructor for assistance when needed. 

20.2 COMPLEX METAL-HYDRIDE REDUCTIONS 

One very effective method of reviewing and consolidating one’s knowledge 
of organic chemistry is to approach the subject from a different point of view. 
Since the subject matter in this book is divided into chapters on the basis of 
the major classes of compounds, a new approach is to consider a general 
reaction that applies to many of them. One such reaction is reduction by 
complex metal hydrides. 

Complex metal hydrides are exemplified by the versatile reducing agents 
lithium aluminum hydride and sodium borohydride. Since the war, the selec¬ 
tive reduction of various functional groups through the use of these metal 


A. Vm 

9. Detergent 

10. Heavy metal-poisoning antidote 

11. Paint drier catalyst 

12. Emulsifying agent for rubber vulcani¬ 

sation 

13. Tobacco moistening agent 

14. Radiator antifreezing agent 

15. High-temperature lubricant 

16. Nontoxic fire extinguisher 

17. Anesthetic 

18. Refrigerant 

19. Water softener 

20. Insecticide spreader 
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hydrides has aooompUshed oertain useful synUieseB that heietofore were im¬ 
practical, mconveuient, or impossible. For example, the laboratory reduction 
of carboxylic acids to alcohols was not done before the am)earance of LiAlHi. 

Most of the metal hydrides react violently with water. In this case, an 
etheral solution of the metal hydride is used. If the substance to be reduced 
is insoluble in an ether solvent (dioxane, ethyl ether, or tetrahydrofuran) or 
in a hydrocarbon, it can be reduced by an extraction technique; that is, the 
substance is placed in the thimble of a Soxhlet extractor over a refluxing 
etheral solution of the metal hydride. Some metal hydrides, such as sodium 
borohydride, may be used in aqueous solutions and offer an advantage from 
this standpoint. 

The lithium aluminum hydride reductions appearing in this book up to 
this point can be listed as follows; 


RCOOR' 

RCOOH 

RCOCl 

RCHO 


UAlHi 



RCHiOH 


R,C=0 


UAIH. 


RiCHOH 


RCN 

RCH,NO, ► 
RCONH, ^ 


UAIH4 
- ¥ 


RCHiNH, 


RCONR, RPHJ^R, 


R—X 




0 

RiC^ \r, 2R,CHOH 

I I 

0 - 0 


2«NO, N=N—0 


Many other metal hydrides have been studied, such as the aluminum 
hydrides of magnesium, sodium, and calcium, and the borohydrides of lith¬ 
ium, sodium, potassium, and calcium. Furthermore, many other types of 
reductions are possible, some of which are quite specific. For example, lithium 
gallium hydride reduces aliphatic, but not aromatic aldehydes, ketones, and 
nitriles; sodium borohydride reduces acid chlorides, but not carboxylic acids 
and anhydrides. LiAlH 4 reduces acid chlorides to the corresponding alcohols 
whereas lithium tri-^-butoxyaluminohydride [Li-(f-BuO)jAlH] reduces acid 
chlorides to aldehydes. The selectivity of these reductions can be made even 
greater by combining the metal hydrides with Lewis acids such as aluminum 
chloride. For example, haloacids, R —CHX—COOH, can be reduced to the 
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corresponding alcohols without loss of the halogen atom, and nitrocarbonyls 
may be reduced to the respective alcohols without reduction of the nitro 
group. Also, the spatial size of the metal hydride-AlCh mixture can affect 
the eoutse of certain reductions, this mixture favoring the least hindered 
product. For example, 

OH 0 

^C-CH, *CH,-CH,OH 

Some of the common functional groups reducible with certain metal 
hydrides are tabulated in Table 20.1. The usual reduction products have 

TABIE 20.1. SOME SELECTIVE MrAL HYDMDE REDUCTIONS AT 25-80‘’C 


CIms of Compound 

LiAlH. 

NaBH, 

NaHH4 

+ 

AlCU 

NsBH, 

+ 

LiBr 

Pvridine- 

BH, 

Aldehydes. 

+ + 

+ -I- 

+ + 

+ + 

+ -1- 

Ketones. 

+ + 

+ + 

+ + 

+ + 

+ + 

Arid ohlorides. 

+ + 

+ + 

+ + 

+ + 

+ + 

Esters. 

++ 

— 

+ + 

+ 

— — 

Acids. 

++ 

— 

+ + 

— 

+ 

Amides. 

+ + 

— 




Salts. 

+ + 

— 

_ 

_ 


Nitriles. . 

+ + 

— 

+ + 

— 


Nitro compounds. 

+ 

— 

— 

— 



+ + Reactfi rapidly; reacts at moderaU^ rate;-rearts very slowly or negligibly. 


been given at the respective places in the text. It can be seen from the table, 
for example, that NaBH 4 + AlCh will selectively reduce an ester group in 
the presence of a carboxylate salt, and pyridineborane will reduce an acid 
but not an ester group. 

Furthermore, the course of an oxidation or reduction is influenced by the 
experimental conditions. For illustration, reductions with lithium aluminum 
hydride (LAH) are generally carried out by one of two methods; (i) The ''di¬ 
rect" method consists of the addition of a solution of the compound to be 
reduced to a solution of LAH. (ii) The “inverse’' method involves the addition 
of a LAH solution to the compound to be reduced. Often, the two procedures 
yield different products because, in the direct method, an excess of reducing 
agent is always present, making the reaction less specific than in the indirect 
method. Several examples are given on page 491. 
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-n 

R-CsaN 


R-CH,NH, 




R,C-(CH,). 

hn~6=o 


R-CHO 


IUC-(CH,). 
HN—Oh, 


C,H,CH,CH,-CH.OH 


C,H,CH-CH-CHO 


C,H*CH=-CH-CH,OH 

RiC-(CH,),-CH,OH 


IUC-(CH,). 

I I 

0 — 0=0 


R,C-(CH,),-€H0 ^ R.C-(CH0.- 


,-CHO 
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Functional Group Analysis 
and Structure Determination 


The method used for performing an analysis of an organic material naturally 
depends upon its complexity, its properties, and what is sought from the 
anal3^is. A frequent problem is the determination of the structural formula 
of a compound, commonly called structure determination. To do this, a chemist 
first isolates the compound, perhaps by an extraction. Then he purifies it by 
an appropriate technique, probably by fractional crystallization, fractional 
distillation, or one of the chromatographic fractionation procedures. He then 
measures certain characterizing properties such as melting point, boiling 
point, or solubility (in water, ether, dilute acid or base, or sulfuric acid). 
Next, he will probably make an analysis for the elements present, usually by 
the sodium fusion procedure. On the basis of which elements are present and 
the solubility properties, he will .make chemical and physical qualitative tests 
for the functional groups present. Certain quantitative functional group anal¬ 
yses may be made too, such as titration of COOH groups to get an equivalent 
weight, or reaction with nitrous acid to determine the number of primary 
amino groups present, and so on. 

From all this information the chemist should get an idea of possible s^c- 
tures for the compound. He then checks reference books and the literature for 
comparison with known compounds. If any known compounds have properties 
identical or almost identical with those observed for his unknown, he makes 
a derivative of his unknown and compares its melting point with that recorded 
in the literature for the possible known compound. Probably two different 
derivatives will be made for confirmation. If the compound has not been 
previously prepared and reported in the literature, the chemist will carry out 
a quantitative composition analysis for comparison with the calculated com¬ 
position of a proposed structural formula. If the unknown is a complex one, 
it may have to be broken into simpler molecules, the fragments identified 
separately, and a structural formula for the original compound deduced on a 
basis of the structures of the fragments. 
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The fragments are put together like a jigsaw puzzle in order to construct 
a complete structure for the complex unknown. The assigned structure must 
then be Goniinned by a synthesis of the substance. This general procedure 
can be summarized as follows: 

1. Isolation, purification, observation of appearance, odor, color, etc. 

2. Measurement of solubility characteristics and physical constants such 
as melting or boiling point, index of refraction, spectral properties, etc. 

3. Fusion and analysis for elements present. 

4. Chemical and physical functional group analysis. 

5. Possible structure assignment by check with literature. 

6. Coniinnation through derivatives. 

If no “fit" is found, then the following steps can be taken; 

7. Composition analysis and molecular weight determination. 

8. Additional chemical and physical functional group analysis and perhaps 
some quantitative analyses, i.e., determination of number of OH groups 
present, etc. 

9. Degradation and similar analysis of fragments. 

10. Deduction of structure. 

11. Confirmation by synthesis. 

Some of these steps may often be omitted, depending upon the circumstances. 
For example, the source of the sample may make it possible to circumvent 
step 3, or spectra of the sample may provide conclusive evidence for the struc¬ 
ture and make step 6 unnecessary. We have commonly accepted the belief 
that two compounds are identical if they have identical physical properties, 
i.e., melting point and index of refraction, etc. The more properties that are 
found to be the same, the stronger is our confidence that the samples are 
truly identical. 

An absorption spectrum such as the infrared constitutes thousands of prop¬ 
erties, since it shows the absorption of light at thousands of different fre¬ 
quencies. Identical spectra for two different samples, then, provides very 
conclusive evidence that the two samples are identical. 

An important part of this identification procedure is step 4, namely, func¬ 
tional group analysis. Tests are developed on a basis of the differencet in 
chemical properties of the various classes of compounds. Most of these tests 
have been used throughout this book for distinguishing one or two different 
classes of compounds, such as a primary from a secondary alcohol, or an alde¬ 
hyde from a ketone. However, when a functional group analysis is made, the 
student will learn that seldom is a test unique for a single class of compound. 
For example, the liberation of hydrogen with sodium metal does not indicate 
an alcohol exclusively, because any compound with an active hydrogen atom 
will also liberate hydrogen gas, such as a 1-alkyne, amine, or an acid. Reduc- 
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tion of permanganate does not indicate soldy an unaaturated hydrocarbon, 
because other compounds, such as phenols and anilines, are readily oxidised. 
For this reason, considerable thought must be used in interpreting the tests. 
The student must keep in mind which other classes of compounds might give 
positive results in any given test. 

Qualitative classification tests are described below for some functional 
groups. An attempt has been made to arrange them in an order which will 
give the least interference from other groups. Thus, a test is made for a car¬ 
bonyl compound first, because virtually none of the other classes of compounds 
will give a positive test with the reagent used. Hydrocarbons are the last 
group to be recognized, and this is done by elimination. Seldom does a person 
have to perform all the tests. For example, if the sodium fusion analysis re¬ 
veals an absence of nitrogen in the compound, then the tests for amines and 
nitro groups need not be performed. Or, if the solubility properties show that 
the compound is not an acid, then the test for a phenol need not be made. 

Phenomenal advances have been made in the chemist’s ability to resolve 
mixtures and determine the structures of compounds, and the principal factor 
responsible for this marked progress has been the use of physical instruments 
such as the various types of spectrophotometers and chromatographic para¬ 
phernalia. Very often a structure can be assigned on the basis of physical 
measurements alone. A major advantage of the physical methods is that they 
need very small samples, and in many cases the samples could be recovered 
if desired. Also, the physical methods are usually very rapid and in some cases 
the results can be read directly from a chart during the analysis. 

Some of these instrumental techniques are rapidly working their way into 
the classroom. In order to give the student some experience at least in making 
use of such data, some of the spectral characteristics of the common functional 
groups are given along with their chemical tests. These data are only probable 
ranges for each functional group, and for a more precise value one should look 
up tile data for a model compound. For instance, the n.m.r. r value for a proton 

I / 

on a carbon attached to nitrogen, H —C—N , will depend upon whether the 

carbon has two, one, or no other carbons attached, whether the N is acyclic 
or cyclic, and whether secondary or tertiary. Similarly, the r value of a methyl 
proton is affected by substitution on the carbon. For example, 



r - 7.36 7.38 7.13 

A brief discussion of the basic theoiy of the physical methods was given 




-7 -6 0 1 23456709 10 

T 


Rg. 21.1. Spectrum of p-CHg—QH 4 —C|OH) = CH—CO—CH 3 in CCI 4 at 60 me. 
TMS ~ tetra mefhylsilane internal standard. 

in Chapter 6, and additional comments on the relationships between molecular 
structure and spectra are given in Section 21.3. Illustrative spectra are drawn 
in Figures 3.3, 21.2 (infrared), 6.2 (ultraviolet), 6.3, and 21.1 (n.m.r.). Ex¬ 
amine these spectra as the spectral characteristics of the respective groups 
are discussed in Section 21.1. 

21.1 FUNaiONAL GROUP CHEMICAL TESTS' AND SPEaRAL 
CHARACTERISTICS® 

1. Test for carbonyl compounds. If a liquid, add 1-2 drops of the sample to 3-5 
ml of 2,4-dinitrophenylhydrazine reagent. If a solid, dissolve 3 small crystals in 0.5 
ml of ethanol or dioxane, and add 3-5 ml of the 2,4-dinitrophenylhydrazine reagent. 
The formation within 5 min of a yellow to red precipitate is a positive test. For com¬ 
parison, try the test on butyraldchyde or benzaldehyde. 

a. Aldehyde frem ketone: In a thoroughly clean test tube, place 2 ml of ToUens’ 1 
reagent (dilute AgNOa) and add Tollens’ 2 reagent (ammoniacal, aqueous NaOH) drop 

' Most of the chemical testa in this section are derived from R. L. Shriner, R, C. Fuson, 
and D. Y. Curtin, Systematic Identification of Organic C(m'pouii\ds, 4th ed., 1956, John Wiley 
& Sons, Inc., and are used here with the permisaion of the authors and publisher. 

* IR * infrared absorption data. UV ■ ultraviolet absorption data, n.m.r. " nuclear 
magnetic resonance proton peaks in r values. 
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Pig. 21.2. Infrared absorption spectrum of methyl anthranilate. 


by drop, with constant shaking, until the precipitate of silver oxide just dissolves. In 
order to obtain a sensitive reagent, it is necessary to avoid a large excess of ammonia. 
Add 3-4 drops or crystals of the unknown and shake vigorously. The formation of a 
black precipitate or silver mirror within 5 min is a positive test for an aldehyde (or 
a-hydroxy ketone). For comparison, try the test on butyraldehyde or benzaldehyde. 

6. Aliphatic fmn aromatic aldehyde: To a solution of 0.2 g of the sample in water or 
dioxane, add 5 ml of Benedict’s solution, and heat the mixture to boiling. A precipitate, 
colored orange or green (depending on the amount of sample used), is a positive test 
for an aliphatic aldehyde. For comparison, try the test with butyraldehyde and 
bensaldehyde. 


Sat. C“0 

(footnou 3) 


SPEaRAL CNAXACTEMSTICS 


Infrared 

i/eo* 1720-1740 cm-“» 


Ultraviolet 
\m = 185, 280 mp 
€>10* <50 


C*“C—C=0 and 1670-1690 cm~ ' 

C«0- ‘ H-O « 1600-1640 cm^* 


= 220-260, 300-350 mp 
€ - 10* <50 


* The values for cycUc ketones vary widely with ring sise. 
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njn.r. 

0 

0 


X - —CHO 

4-r 

-lu 

-COOH 

T (or a—C—X - 7.ft-7.83 

T for COCH, - 8.0-8.2 

7.52-7.9 

7.38 

7.43-7.03 


2 . Test for phenols.* DisBolve or suspend about 0.1 g of solid or 1 drop of liquid 
of the substance to be tested in 1 ml of methyl alcohol. Add 2 drops of the methanolic 
ferric chloride reagent and 1-3 drops of pyridine. Phenols and enols give a vivid color 
change. For comparison, try the test on an alkylphenol, a halophenol, or aalicylaldo- 
hyde. 


INfSASED SPECTRAL CHARACTERISTICS 


Substance 

Monomokcular 

AssociaUd 



Vo—H 

VO-B- 

• 0 


Alcohols, 1 ® 

3640 cm~* 

3350 cm"* 

(broad) 

1050 cm“* 

2 ® 

3630 

3350 

(broad) 

1100 

3® 

3617 

3350 

(broad) 

1150 

Phenols 

3643 

(intermol.) 3608 

(broad) 

1200 



(intramol.) ~3100 

(broad) 


Carboxylic acid 

3520 

3075 



Chelated enol 


2600-2800 

(broad) 



3. Test for acids. Dissolve a small portion of the sample in water or aq. alcohol, 
and find out if it is acid to litmus or methyl orange. If the sample is insoluble, attempt 
to dissolve a pinch or large drop in 5 ml of dilute NaOH. If the sample is thrown out 
of solution upon acidification with dilute H 2 SO 4 , the unknown is an acid. The acid 
may be a carboxylic acid, polynitroalkane, phenol, or any substance acidic enough to 
dissolve in dilute aq. alkali. 

Infrared: See under phenols for vo-h and under acyl groups for I'c-o- 
n.ir.r.; 


T for H-^C--COOH = 7,43-7.93 

1 

4* Test for alcohols, a. For water-soluble compounds. Dilute 0.5 ml ceric nitrate 
reagent with a 3-ml portion of distilled water, add 4-5 drops of the compound to be 
tested, shake the mixture, and note the change in color. If the compound is a solid, 
dissolve it in water, and add 4-5 drops of water solution to the reagent. 

For water-insoluble compounds: To 0.5 ml of the reagent, add 3 ml of dioxane. If a 
precipitate forms, add 3-4 drops of water with shaking until the solution is clear. Add 
4-5 drops or crystals of the compound to be tested, shake, and note the color. 

A positive test for an alcohol is indicated by a change in the color of the reagent 
from yellow to red. For comparison, try the test on n-butyl, scc-butyl, and f-butyl 
alcohols. 


* S. Soloway and S. H. Wilson, Anal. Chem. 24, 979 (1952). 
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h. Primary from mondary from tertiary alcohols: To 1 ml of the alcohol in a test tube, 
add 10 ml of Lucas reagent at room temperature. Stopper the tube and shake the 
mixture; then allow the mixture to stand. Note the time required for the formation 
of a turbidity. 

If there is difficulty in interpreting your results, use a second type of test as follows. 
Add 1 ml of the sample to 3 ml of glacial acetic acid, and add a saturated, filtered 
solution of KMn ()4 in water, drop by drop, with stoppering and vigorous shaking of 
the test tube. If no decolorization occurs, the alcohol sample is tertiary. If decoloriza- 
tion takes place, continue adding KMn 04 solution until the pink color persists. Then 
add a drop of cone. H 1 SO 4 , and add more KMn 04 solution. If the pink color is dis¬ 
charged, the sample is a secondary alcohol; if no decolorization occurs, the alcohol is 
primary. Run a blank test on glacial acetic acid to check for impurities in it. 

Infrared: See under phenols. 

n.m.r.; 

CH 5 OH RCH 2 OH R 2 CHOH 
r = 6.62 6,44 6.14 

6. Test for acyl compounds. Heat together 1 part of the unknown, 1 part of 
hydroxylamine hydrochloride, 1 part of solid sodium hydroxide, and 5 parts of 80% 
alcohol for 10 min on the steam bath. Cool the mixture, and dilute it w^th 4 volumes 
of water, shake it, and carefully add dilute hydrochloric acid until it is very slightly 
acidic to litmus paper. Then add 2 drops of aq. FeCU. A violet or red color indicates 
the presence of a hydroxamic acid, which is formed from an ester, acid anhydride, acid 
halide, lactone, or carboxylic acid. 

Infrared SPEaRAL characteristics 



»'c-o-c 


*'0-0 

RCOOR 

1160-1250 cm-* 


1735-1750 cm-‘ 

CH,COOR 

1236-1247 


1735-1760 

«^COOR 

1100-1150 and 1250-1310 

1717-1730 

RC004» 



1776 

RCOOH 



1700-1725 

RCOCl 



1770-1815 

Cyclic (RCO)iO 



1750-1800 and 1820-1870 

6 -Meinbered lactone 



1735-1750 

5-Meinbcred lactone 



1760-1780 


I'N-H 


»'C-0 

RCONH, 

3450 (doublet) 


1590-1615 and 1665 

RCONHR 

3450 (singlet) 


1520 and 1665 

RCONR, 

none 


1065 

D.m.r. X = 

-CO,R 

-CO,H 

-€ONH, -OCOR 

T for H-C—X 

7.9-8.0 

7.43-7.93 

7.98 5.0-6.35 


6. Test for carbohydrates. Treat 0.1 g of the sample with 5 ml of water and 2 drops 
of a strong solution of a-naphthol in alcohol; then add 5 ml of cone. HsS 04 down the 
side of the tube so that it forms a lower layer. A red ring between layers and a deep 
violet color in the solution after the layers are mixed indicates the presence of a 
carbohydrate. Some polyhydroxy acids and some unsaturated aldehydes will also give 
a positive test in this reaction. 
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7. Test for oiiilnoi. The presence of nitrogen in the sample should be verified first 
by a sodium fusion test. 

a. Primary amims: To 5 ml of water, add 1*2 drops of the sample to be tested. If 
necessary, 1-2 drops of cone, hydrochloric acid may be added to dissolve the sample. 
Add 0.5 ml of the resulting amine solution to 3 ml of tbe 5-nitrosalicylaldehyde reagent. 
A copious precipitate within 2-3 min is a positive test for a primary amine. The 
appearance of a slight turbidity is not a positive test; it indicates that traces of primary 
amine may be present as impurities. Try the test on any primary amine available, 
except methylamine, for comparison. 

b. Secondary aminee: To 5 ml of water, add 1-2 drops of the sample to be tested. 
If necessary, 1-2 drops of cone, hydrochloric acid may be added to dissolve the sample. 
To 1 ml of the nickel chloride-carbon disulfide reagent, add 0.5-1 ml of cone, am¬ 
monia, followed by 0.5-1 ml of amine solution. A definite precipitate indicates a 
secondary amine. A slight turbidity reveals a trace of a secondary amine as an impurity. 
Try the test on any secondary amine for comparison. 

c. Teriiary aminte: If the substance is basic in water solution but is not a primary 
or secondary amine, assume that it is a tertiary amine. 

d. Teei for primary aromatic amines: To an ice-cold solution of the sample in 1.0 JY 
HCI, add a saturated sodium nitrite solution, drop by drop, until it gives an immediate 
reaction to starch-iodide paper. Add a few drops to an alkaline solution of oc-naphthol. 
An intensely colored mixture indicates an aromatic primary amine. 

e. Test for primary aliphatic amines: To a suspension of 1 drop of sample in 5 ml 
of water, add 1 ml of acetone and I drop of a 1% solution of sodium nitroprusside. 
Development of a violet-red color within 2 min is a positive test. 

SPEaRAL CHARACTERISTICS 

Infrared 

Pyrrole vn-h 3500 cm”^ i^_h - n 3425 cm""^ 

Arom i'g-n primary 1250-1340 
secondary 1280-1350 
tertiary 1310-1360 

n.m.r. 

T for H—C—N 7.13-7.85 

B. Test for aromatic nuclei. Sublime some dry aluminum chloride in a slanted 
test tube so as to form a heavy coat on the upper surface of the tube. Cool it, and add 
a drop of a solution containing 1 drop of sample in 1 ml of CHCls. Stopper the tube 
and let the solution come in contact with the film of AlCl*. Aliphatic compounds give 
no color or are light yellow, and benzene derivatives give orange to red colors. Naph¬ 
thalene gives a blue color, biphenyl purple, and anthracene green. 

Infrared: (Benzene derivatives) 

Two peaks near 1480 and 1625 cm“\' both must be present. 

Arom. 3030 cm”*' Ortho substitution, 735*770 cm"^ 

Meta substitution 750-810 
Para substitution 800-860 

n.m.r.: 


T » 1-3.58 
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B. Test for nltro compoundB. Add about 10 mg of the sample to 1 ml of ferrous 
sulfate reagent in a test tube, and then add 0.6 ml of alcoholic potassium hydroxide 
solution. Insert a glass tube so that it reaches the bottom of the test tube; then pass 
a stream of nitrogen gas through the tube for about 30 sec to remove air. Stopper 
the tube quickly and shake it. Note the color of the precipitate after 1 min. A positive 
test is indicated by the formation of a red-brown precipitate. A negative test is shown 
by a greenish precipitate. Nitroso compounds, quinone, aUcyl nitrates, and alkyl 
nitrites also give a positive test. 

RNO, *NO, 

Infrared 1316-1390 cm-^ 1340-1355 cm“i 

and and 

1535-1610 1510-1550 

10. Test for ethers. Mix 0.5 ml of the sample, 2 ml of glacial acetic acid, and 
0.5 ml of cone. HjS 04 . Re6ux the contents 5 min, cool, and dilute with 5 ml of ice 
water. Test a drop of oily layer or benzene extract for ester by the test for acyl com¬ 
pounds. 

Infrared »^o-o-c 

Diaryl 1060-1160 cm~^ 

Dialkyl or arylalkyl 1230-1270 

n.m.r. R—CHiOR R--CILO0 

r - 6.60 6.10 

11. Test for unsaturation. a. Bromine in CCU: Dissolve 2-3 crystals or 4-5 drops 
of the unknown in 2 ml of CCU, snd add a 5% solution of bromine in CCU drop by 
drop, with shaking, until the bromine color persists for about 1 minute. Blow across 
the top of the test tube or bring up an open bottle of ammonia to detect any HBr 
evolution. 

b. Baeyer test: Dissolve 2-3 crystals or 4-5 drops of the sample in 2 ml of water or 
alcohol, and add a 2% aq. solution of KMn 04 drop by drop until the pink color per¬ 
sists, or until 30 drops of the reagent are added. If only 3 drops of the reagent are 
decolorized, the test is negative. 

c. Test for l-alkynes: In a thoroughly clean test tube, prepare an ammoniacal silver 
nitrate solution as in test la with Tollens’ reagent. Now add 3-4 drops or crystals 
of the unknown, and shake vigorously. The formation of a solid indicates a 1-alkyne 
(in the absence of an aldehyde or a-hydroxy ketone). 

Infared spectral characteristics 


J'o-C 

1020-1680 cm-* 

f'cmtc 2100—2140 cm”* 

ConJ. C^C, or C—0 •'C-C 

H 

1600-1625 

3300 

tram 

/ 

960-990 

I'-c-H 3080 

eis c—c 

680-725 

Sat. vc-H 2850-2970 




HiC—CB. 


905-915 
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Ultraviolet 

X«i * 1B5 

C^.C'^C^^C Xm 

* 217 m/x 

n.m.r. 

T 

T 


Uncoitjugaied 

Conjugated 

RiO-CHR 

3.8-5.4 


RtC-CiL 

5.2-5.36 

5.10 

Cyclic C-CH 

4.1-4.7 

4.1-4.6 

RC-C-H 

7.65 

7.30 

R-CHi 

9.06-6.12 


RiC-C(CH.), 

8.3 



12. Test for selts. The sample should not be soluble in ether. Treat about 0.1 g 
of the finely divided sample with a few drops of 6 NaOH on a watch glass, and note 
any odor which is produced. An ammoniacal or fishlike odor indicates that the sub¬ 
stance is a salt of an amine or ammonia. Amides and nitriles may interfere with this 
test. 

If the unknown is not a nitrogenous salt, add a few drops of cone. H 3 SO 4 to a few 
crystals on a watch glass, and note any odor that is produced. A flocculent precipitate 
or a pungent odor suggests the liberation of a carboxylic acid from its salt. 

For further confirmation, a larger sample may be used, and the amine or carboxylic 
acid produced for characterization. 

Z>i 5 cuS 5 ion. The test for a carbonyl compound consists of forming a 2,4- 
dinitrophenylhydrazone, which for most carbonyl compounds is very in¬ 
soluble. Aldehydes are distinguished from ketones by their reduction of 
Tollens* reagent. Only aliphatic aldehydes reduce Benedict's reagent (alkaline 
copper citrate). 

Ferric chloride in solution gives colors with a number of organic derivatives. 
The common ones are phenols, enols, oximes, and hydroxamic acids. However, 
the appearence of a color depends on such factors as the solvent, acidity, and 
concentrations of reactants. For example, the colors produced by 2-amino-5- 
nitrophenol in different solvents are as follows: 


Solvent Color 

Water.Negative 

Aqueous NaHCOj. Brown 

Methanol. Brown 

Methanol-NaHCOa^.. Red 

Methanol-pyridine. Red 

Chloroform. Green 

Chloroform-pyridine. Brown 

Diethylene glycol diethyl ether. Orange 


The procedure given above in test 2 is generally satisfactory. 

The textbook test for alcohols with sodium metal is impractical because it 
can be applied only when the sample is reasonably dry. If water were present 
in a sample, hydrogen gas would be evolved, although the sample may not 
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be an alcohol. The test given here is based on the formation of a red-colored 
complex ion involving ceric ion and the alcohol. Aliphatic hydroxy com¬ 
pounds containing less than 10 carbon atoms have been tested with positive 
results. Aromatic amines and phenols interfere by forming deep colors and 
precipitates. Easily oxidized materials such as oxalic acid may interfere by 
decolorising the test reagent before the red color of the test can be developed.' 
The Lucas test for distinguishing primary, secondary, and tertiary alcohols 
was discussed in Section 10.6c. This test is fairly reliable, although allyl, 
benzyl, and cinnamyl alcohols behave like tertiary alcohols. The test with 
permanganate is quite good. The tertiary alcohol is the hardest to oxidise 
and resists oxidation in glacial acetic acid. In this solvent, a primary alcohol 
is oxidized to an acid, and a secondary alcohol to a ketone. Then, when sul¬ 
furic acid is added, only the ketone from the secondary alcohol is oxidized. 

The test for acyl compounds is based on the formation of a hydroxamic 
acid from any of the acyl compounds, esters, acid halides, etc. 

0 0 

II II 

R—C—OR -I- H,NOH R—C—N—OH 

I 

H 

A hydroxamic 
acid 

This gives a deep coloration with aq. Fe'*’* ion, owing to the formation of a 
chelated complex. 

The test for carbohydrates, the Molisch test, is believed to be based on 
the formation of a triphenylmethane-type dye between a-naphthol and a 
furfural. 

The test for primary amines is based on the formation of a SchilT base 
between the S-nitrosalicylaldehyde and the amine, which then forms a very 
insoluble nickel chelate. 



Without the primary amine to form the Schiff base, the insoluble chelate 
would not be formed. The test for the secondary amine is based on the forma¬ 
tion of an insoluble nickel compound; 

R,NH + CS, R,N—C-SNHi ^ (r,N—H—sInI 

■ F. R. Duke and G. F. Smith, Jnd, and Eng. Chm., Anal Ed., 1ft, 201 (1040). 
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The test for the primary aromatic amine is based on diazotization of the amine, 
and coupling of the corresponding diazonium ion with a-naphthol to give a 
red azo-type dye (cf. page 411); 


_ HONO _ _ . a-napbthol . -tvtt 

0 —^ ~ ■ — ► 0—N*N—^ )—OH 



The chemistry of the test for aliphatic primary amines is not clearly known. 

The test for aromatic nuclei is based on the formation of a colored complex 
ion between AlCla, CHCla, and the aromatic sample. 

The test for nitro compounds is based on the oxidation of ferrous ion to 
feiric hydroxide, which is reddish-brown. 

The test for an ether involves its hydrolysis to an alcohol, and esterification 
of acetic acid by the alcohol. 


RsO + 2AcOH 2AcOR + HOH 


Then, the presence of an ester is verified by the acyl test. The chemistry of 
the rest of the tests given above has been discussed several times. The test 
for a salt involves liberation of the amine, if a salt of an amine, or liberation 
of the acid, if a salt of an acid. 

21.2 RESOLUTION OF MIXTURES 

Surprisingly, students find difficulty in making clear-cut resolutions of 
certain mixtures. For this reason, a general discussion of this common labo¬ 
ratory operation is given here. 

The resolution of mixtures follows the same general procedure whether the 
identities of the components are known or unknown. The mixture is first ex¬ 
amined for water solubility of one or more of the components. This would 
include the first few' members of the aliphatic alcohols, aldehydes, amides, 
acids, and amines; acetone; sulfonic acids; carbohydiates; and salts. If the 
mixture is known to contain substances which react readily with water, this 
step would not be done. Most compounds w^hich are insoluble in water will 
dissolve in ether. After water extraction, the mixture is taken up in ether. 
Occasionally, benzene or chloroform are used instead of ether. A solvent is 
used primarily for the purpose of working with a homogeneous mixture and for 
efficiency. Next, basic compounds are removed by extracting the ether solu¬ 
tion with dilute mineral acid. Bases would form salts, and since most salts 
are water-soluble and ether-insoluble, the bases w'ould enter the aqueous phase 
in the form of their salts. The aqueous phase would then be treated with aq. 
NaOH or NajC 03 to liberate the organic bases. They could then be separated 
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from the alkaline aqueous phase mechanically if insoluble, or isolated by 
CHCli extraction. If there is a mixture of amines among the bases just iso¬ 
lated, a Hmsberg separation could be performed. 

The organic acids are next extracted with dilute sodium hydroxide from the 
first ether solution of the original mixture. The layers are separated, and the 
organic acids regenerated by acidification of the alkaline solution. The organic 
acids are then isolated mechanically (i.e., filtration if a solid, or with a sepa¬ 
ratory funnel if a liquid) or by extraction. If weak and strong acids are present 
in the mixture of acids, they may be separated by extraction with aq. 
NaHCO). This would dissolve the acids stronger than phenol which may then 
be r^enerated by acidifying the bicarbonate solution. 

Only neutral components of the original mixture remain in the ether phase. 
Aldehydes and methyl ketones may be precipitated in the form of their bi¬ 
sulfite addition compounds by treatment with a saturated sodium bisulfite 
solution. After filtration, the aldehydes or methyl ketones are regenerated by 
decomposing the bisulfite addition compounds with dilute mineral acid. 

The ether is now distilled from the remaining mixture. Extraction of the 
residue with cold concentrated sulfuric acid would remove unsaturated hy¬ 
drocarbons, amides, and remaining oxygen-containing compounds, such as 
esters, ketones, alcohols, etc. Left behind would be saturated and aromatic 
hydrocarbons and saturated halides. Resolution of these two groups would 
have to be made either by a physical fractionating process (distillation, 
crystallization, chromatography), through inclusion complex formation, or 
with the use of several acid solvents differing in acidity, such as phosphoric 
acid and hydrogen fluoride. These finer separations are not commonly made 
in the elementary course and will not be discussed. 

Steam distillation can sometimes be used instead of ether extractions. Thus, 
neutral and basic substances, but not acids, are ether extractable or steam 
distillable from aqueous basic solutions. Neutral and acidic substances, but 
not bases, are ether extractable or steam distillable from aqueous acid solu¬ 
tions. 

Essentially, the procedure just outlined amounts to removing acidic sub¬ 
stances from an ether solution of the mixture by alkali extraction and remov¬ 
ing basic substances by an aqueous acid extraction. Then, if necessary, the 
amines are separated by the Hinsberg method, the acids are sepeuated by 
steam distillation or weak base extraction, and the neutral substances are 
separated by bisulfite addition compound formation, by inclusion compound 
formation, or by sulfuric acid extraction. The important points to bear in 
mind are (1) salts are normally water-soluble, ether-insoluble, and nonvola¬ 
tile; (2) bases form salts with acids and therefore cannot be distilled or ex¬ 
tracted from mmeral acid solution; and (3) organic acids form salts with alkali 
and hence cannot be distilled or extracted from alkaline solutions. 

This resolution procedure can be diagramed as follows: 



functional group ANALVSIS AND STRUQURE DETERMINATION 


505 


Aqueous phase 
(First few alcohols, 
acids, amines, etc.) 



Salts of 
organic bases 


Neutral and 
acid compounds 


Salts, carbohydrates, imides, 
polybydroxy- and polyamino 
compounds, highly polar 
compounds 


Kxccm 

alkali 


Free bases 


Dll. NbOH 
ei traction 


Salts of 
org. acids 


Neutral 

compounds 


dil. HCI 


NaHSOi 


Free org. 
acids 


Neutral 

compounds 


Addition 

compounds 


Evar>oratc 

EtiO; 

Hi 80 < 

extraction 


T 


Dil. HiSOt 


Aldehydes 
and methyl 
ketones 


Remaining compounds of 
nitrogen and oxygen, and 
unsat. hydrocarbons 


Neutral 

compounds 


21.3 SPEaRA-STRUaURE RELATIONSHIPS' 

It is beyond the scope of this book to give more than a superficial discussion 
on the relationships between spectra and molecular structure. Some of the 

' L. N. Ferguson, The Modem Stnidvral Theory rf Organic Chemistry, Prentioe-Hall, Ino., 
Englewood Cliffs, N.J., 1903, Chapter 5. 
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fundamental features of spectra and their origin were given in Chapter 6. 
It has been observed that in particular, resonance, hydrogen bonding, electro* 
negativity, polarization, solvation, and steric requirements have a marked 
influence on spectra. Some of these effects will be illustrated here with regard 
to infrared, ultraviolet, and n.m.r. spectra. 

a. Resonance. The typical infrared and ultraviolet absorption regions for 
the common type bonds were given in Chapter 6. The effect of resonance on 
spectra is revealed by a shift in the typical absorption ranges for the bonds 
involved. For illustration, the isolated C»0 and C=C infrared frequencies 
for methyl ethyl ketone and 1-butene are 

0 

II 

CHr-C-C,H, CH,-CH,-CH=CH, 

i^c—o ™ 1720 cn\“* cc-c “ 1647 cm”* 

When these groups are conjugated, thereby increasing the contribution of 
the polar structures to the actual structures of the molecules. 


0 

0- 

II 

1 

CH,-C-€H=CHi, CH, 

-C=CH-CH, 

•'c-o * 1685 cm"* 
VC—c “ 1623 


the carbonyl and olefin bonds have less double-bond character, and hence the 
respective infrared frequencies shift toward the single-bond values. Increased 
resonance among polar structures also changes the wavelengths of the UV 

absorption bands; 


H,C CH, 

y_ 

H,C CH, 

\/ 



H.C'^ 

H,C^ 

vc-o * 1726 cm*"' 

VC —0 “ 1672 oitt"* 

Xm -■ 286 mM 

Xm V 336 in>i 


Other examples of the effect of resonance of conjugated systems on UV 
spectra were given in Section 6.5. 


b. Steric inhibition of conjugation. If steric requirements hinder or prevent 
the planarity required for resonance, then effects of resonance on spectra will 
be absent or diminished. Consequently, steric hindrance usually decreases 
X,, in UV spectra, although there are certain explainable exceptions. For 
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illustratioo, tor trani- BtUbenes and azobenaenea are larger than for the 
cit iaomera. 



Xm ~ 295 m/i X« B 280 nifi 


In the da isomer, the ortho H’s would overlap in a planar structure, and 
consequently, one benzene ring rotates out of the plane of the C»0 bond. 
Planarity is necessaiy, however, for maximum resonance of the type 

"O 

Similarly, ortho groups hinder the phenyl>nitro group resonance and X. for 


0 0 - 



o-halonitrobenzenes decrease in the order of the sizes from the halogen atoms 
F > Cl > Br > I because of increased hindrance from the halogen atoms, 
to a planar nitrobenzene molecule. 

c. Hydrogen bonding. In general, the effects of hydrogen bonding on UV 
spectra are noted by measuring the spectral differences between corresponding 
hydroxy and ether compounds or between ortho and para isomers of phenols. 
Intramolecular hydrogen bonding has a visible effect on UV spectra. For 
example, o-nitrophenol is yellow, but the methyl ether and p-nitrophenol are 
almost colorless. 


0 



" 271 mM X,ii “ 248 

Hydrogen bonding makes it easier for the respective bonds to vibrate, and 
hence the corresponding infrared absorption frequencies are lowered. This 
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was demonstrated in Section 10.5 for intermolecular and intramolecular hy* 
drogen bonds. As another example, the €->>0 and 0—H frequencies in bensoyl- 
aCetone, CtHt—CO—CHj—COCHi, are lower than in the a,a-diinethyl de¬ 
rivative because the former compound enolizes and forms an intramolecular 
hydrogen bond: 


H 

/ •. 

0 0 

I II 

c c 

/ \ / \ 

C,H. CH CH, 


foo ™ 1603 cm ' 

ro-B - 2460-2620 


0 CH, 0 

II I II 

CiH(—C—C-C—CHj 

I 

CH, 

(Does not enolize) 
i-c-o - 1748, 1718 cm-' 
no »>o-H 


Steric hindrance to hydrogen bonding nullifies the spectral effect of a hy¬ 
drogen bond. For example, p-l-butylphenol has a single infrared 0—H band 
at 3608 cm-' attributed to an associated state through intermolecular hy¬ 
drogen bonds. The ortho isomer has two bands because 8t)me of the molecules 


f = t-butyl group: 



H 

H 

H 

/ 

/ 

/ 

0 

0 

0 

1 

Vi 

yV 

y 

u 

Li 

p-^Butyl phenol 

o-i-Butylphenol 

2,6>1 )i-(-bu tylphenol 

Associated 

Part associated, 

Monomeric 

I'o-H ^ 3608 cni'* 

part monomeric 

Ko-H “ 3606, 3643 cm-^ 

P'o-H "• 3643 cm^* 


are associated and some are monomeric. The, 2,6-di-f-butylphenol, on the 
other hand, is monomeric because the large <-butyl groups prevent the OH 
groups on different molecules from getting close enough to form a hydrogen 
bond. Thus, the infrared spectrum can often be used to detect hydrogen 
bonding or provide information about the spatial conditions within molecules. 


d. Aromatic ringa. Nuclear magnetic resonance spectroscopy has become a 
very powerful diagnostic tool for structure elucidation and is useful for 
detecting aromatic rings. Aromatic protons lying outside of the ir-electron 
“ring current” of an aromatic ring are deshielded and exhibit n.m.r. signals 
in the range r= 1-3.5. On this basis, it was concluded that [18]annulene 
has an aromatic ring. It has two peaks, one at r 1,1 for the 12 peripheral 
protons and one at r 11.8 with half the former intensity for the six intra- 
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annular protons. In contrast to these values, the nonaromatic cyolooctatet- 
raene exhibits one band at r » 4.31, outside of the aromatic range. 

H H 



TEST QUESTIONS, Set 19 

(For quantitative functional group analysis, see Sections A-3 and A-4 
in the Appendix.) 

1. An optically active amide J (CiHnON) yields an acid and ammonia when hy¬ 
drolyzed. When i undergoes the Hofmann degradation and the product is treats 
with nitrous acid, Ns and an optically active alcohol are produced. The alcohol gives 
a positive iodoform test. What is the structure of i? Show how you reached your 
conclusion. 

2. An unknown compound 2 (CuHuOsN) gives a precipitate with 2,4-dinitro- 
phenylhydrazine, does not reduce Tollens^ reagent, and gives a bright red color when 
a solution in CHCU is poured on sublimed AlCla. W'hen 2 is heated with hydroxyl- 
amine hydrochloride in alcoholic KOH and then neutralized, the reaction mixture gives 
a blood-red color with aq. FeCl|. Upon saponification and then acidification, two 
compounds J (C»HiOj) and 4 (CgHsOgN) are recovered. 4 gives a purple color with 
aq. FeClj, decolorizes a CCh solution of Brj rapidly with the evolution of HBr, gives 
a brick-red color wdien treated with ferrous ammonium sulfate and alcoholic KOH in 
an oxygen-free vessel, and is steam distillable. J gives a precipitate with 2,4-dmitro- 
phenylhydrazine, does not reduce Tollens' reagent, gives a positive iodoform test, and 
dissolves in alkali to be precipitated unchanged upon acidification. Upon oxidation 
of J with permanganate, the same acid, CiHeOi, is obtained as results from the vigorous 
oxidation of naphthalene with permanganate. What is the structure of 2? Show how 
you reached your conclusion. 

3, A compound 5, (CtHeOi), reduces Tollens’ reagent and gives a deep coloration 
with aq. FeClj. When 1.38 g of 5 are treated with excess acetic anhydride, 40 ml of 
0,5 AT NaOH are required to neutralize the liberated acid. What is a possible struc¬ 
tural formula for Sf What additional information would you need to determine the 
identity of 5? 

4. How could one separate and isolate the components in the following mixtures? 

(a) o-Nitrophenol, p-cresol, p-chlorobenzoic acid, N-methylaniline, N,N- 
diethylaniline, p-anisaldehyde (p-CHs0C«H4CH0), and toluene. 

(b) Salicylaldehyde, p^hydroxybenzaldehyde, benzaldehyde, d- and 2-mandelic 
acid (CeHiCHOHCOOH), pyridine, and chlorobenzene. 
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(c) n>Decane, isooctone (2,2,4-triinetbylpeDtane), ethylene glycol, n-deeenoic 
acid, and aniline. 

5. When phenol was chlorinated at a low temperature, two monochlorophenola 
were isolated. The infrared spectra of the products showed that A had two OH bands, 
one near 3620 cm~' and one near 3590 whereas B had only one band near 
3618 cro~*. Assign structures to A and B and give the basis of your assignments. 

6. What specific infrared absorption frequencies would you seek in order to dis¬ 
tinguish the following three compounds: 

0 0 

ii II 

CHr-CH—CH—C-OC,Hs CH,-CH=CH—C—CH,CHjOH 

6 7 

0 

CHf=CH-CHr-^-OC,H, 

a 

7. Structure 9 was assigned to a compound having the following spectral properties: 

UV: = 229 m^; IR: = 1665, 1646, 3640, 1070 cm ^ These spectral data support 

what structural features of 9? 



j"«* ^-butyl group 

8. A compound 10, CbHibOb, liberates hydrogen when treated with sodium metali 

is insoluble in alkali, and decolorizes cold dilute permanganate water. When 10 is 
reacted with Pb(OAc) 4 , two compounds are obtained: 11, and 12^ CaH^O. 

12 reduces Tollens’ reagent and decolorizes cold permanganate water. 11 does not 
reduce Tollens’ reagent, forms a bisulfite addition compound, gives a positive iodo¬ 
form test, gives a turbidity with Lucas reagent within 1 to 2 min, and liberates Hi 
when treated with sodium metal. When 11 is heated with copper metal, a compound 
13, is isolated. 13 is soluble in aq. NaOH^ gives a color with ac}. FeCU, adds 

Brj, and forms a semicarbazone. What is the structure of 10? Show how you reached 
your conclusion. 

9. When 14 was treated with Bi 20 a in hot acetic acid, two isomeric products, 15 
and 16, were obtained. 15 is yellow, m.p. * 110.5-112.5°, gives no immediate color 
with FeCli in alcohol, has no IR band in the 3330-4000 cm"‘ range but has a band 
at 1715 cm’*^ 16 is colorless, m.p, 98.5-100.6°, gives an immediate dark green color with 
FeCli, and has strong absorption bands in the IR at 3420, 1630, 1230 cm'^, and a 
shoulder at 1655 cm"'^ Give probable structures for 15 and 16. 
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10. Deduce the structure of phellandrel, CioHi«0, b terpene found in eucalyptus 
oils, and predict \m and vc.o for it. (a) Phellandral reduces ToUens' reagent and cold, 
dilute permanganate solution, (b) Phellandral can be synthesized by the reaction 
sequence; 


^ „ HONO., H>e04 „ „ Bn, HCl ^ „ 

Isopropylbenzene-► CtHnNOi -—zTZi CiHuN 


then NaOH 


HCN ^ CnOr, H+ Hi, Nl + 

Ci,Hi/)N <— C,H,.0 4-C,H.,0 4-C,H,iO 


HONO, 0* 
then heat 


AofO 


C, JIi,0,N ^ C„Hi,N + CH/DOOH 

A 


HCU 

Hi. Pd BOCIi i 

(^)-phellandral < CioHnOCl 4 GioHieOs 


11. Identify the unknown compound R from the following data; 


(a) Analysis; C, 63.1%; H, 5.26%; 0, 31.64%. 

(b) Mol. wt.; 152. ^ 

(c) R is soluble in alkali; gives no FeCli test. 

(d) Infrared absorption bands: 3250 (broad), 3030, 1700, 1625, 1480, 1230, 
1100, 760 cm-*. 


0 

12, Predict i»c-o for CH|—C—0—CH*=CHs. 


13. Based on solubility differences, how would you distinguish the members of each 
of the following pairs of compounds? 

(a) CH,CH^O-CHr-CO,C,H6 and CHr-CO-^H,CHj-COjC,H,. 

(b) CHr-CO--CH,CH,CHr-NHCJI, and CH,-CONH-CH,CH,CH,C,H,. 

(c) p-CHr-C,H 4 -CH(NH,)-C,H. and p-CH,-C,H 4 -NH-C,H,. 

(d) Glycerol and glycerol triethyl ether. 

(e) Phthaliinide and N-methylphthalimide. 

(f) Sodium benzoate and benzoic acid. 

(g) Sodium benzoate and sodium benzenesulfonate. 

U- Write the structural formulas of the products that would be present after the 
hydrolysis of each of the following compounds in a 15% aqueous solution of sulfuric 
acid; 


(a) CJIi-CONH-CHr-CONH:. 

(b) CHr-(CH,),-NH-CONH-CO-(CH,)r-CHa. 

(c) (C,H,),C=N—NHC,Hi 


CO,CH,CH,N(Cai,), 



O-COCH, 


0 
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15. How would you dutiaguiah the compounds in the following psira by qualitative 
teat tube experimentB? 

(a) o>Bromotoluene and benzyl bromide. 

(b) Propylene glycol and trimethylene glycol. 

(c) Isobutyl alcohol and isopropyl alcohol. 

(d) 1,1'Diethoxyethane and 1,2-diethoxyethane. 

(e) Phenylacet^dehyde and p-tolualdehyde. 

16. An unknown compound 17, CgHtClBr, is insoluble in cone. H 1 SO 4 but quickly 
gives a precipitate when treated with alcoholic silver nitrate. When heated with an 
aqueous solution of sodium hydroxide, 17 is converted into 18, CiHtOBr, which is 
soluble in cone. HiSOi- Treatment of 18 with benzoyl chloride yields 19, CuHuOiBr, 
and vigorous oxidation of 18 produces 20, CiHABr, wtiich is soluble in dil. aq. NaOH 
and has a neutral equivalent of 121. 20 remains unchanged when heated. Give a 
possible structure for 17 and show how you reached your answer. 

17. A compound 21, Cii)Hu02, does not react with Tollens’ solution, hot aq. NaOH, 
acetyl chloride, or sodium metal. Dilute hydrochloric acid changes 21 into 22, CiHiO, 
which does react with Tollens’ reagent. Vigorous oxidation converts 21 and 22 into 
C 1 H 4 O, which loses water upon heating. What is a probable structure for 217 

18. A compound 23, which contains nitrogen, is insoluble in water, but soluble in 
dilute acid and dilute alkali. It reacts with benzenesulfonyl chloride to give a product 
that is soluble in dilute alkali but insoluble in dil. acid. This latter compound has a 
neutral equivalent of 290. Compound 23 also reacts with benzoyl chloride to give a 
derivative with a neutral equivalent of 255. 23 does not evolve nitrogen when treated 
with nitrous acid, but reacts with bromine in carbon tetrachloride with the evolution 
of hydrogen bromide. Blrat is a possible structure for 237 

19. A compound 24, CnHiOsNCl, is insoluble in dil. acid and base, and docs not 
react with 2,4-dinitrophenylhydrazine or acetyl chloride. Upon reduction with tin 
and hydroofaloric acid, 24 is converted into 25, CuHioONCl, which is soluble in dil. 
hydrochloric acid and liberates nitrogen upon treatment with nitrous acid. Vigorous 
oxidation of 24 yields 26, CiHtOtN, which dissolves in dil. alkali, precipitates un¬ 
changed upon acidification, and has an equivalent weight of 121 . Vigorous oxidation 
of 24 produces 27, C 1 H 1 O 4 CI, which is soluble in aq. alkali and has a neutral equivalent 
of about 101 . 26 and 27 each lose a molecule of water when heated. Give a possible 
structure for 24 and show how you reached your answer. 

20. Analysis, quantitative hydrogenation, and molecular weight measurements on a 
hydrocarbon 28 indicates it to be a cyclononatriene. It has the following spectral 
properties; IR: v >■ 1615,1647, 670, and 717 cm~'; UV; Xn « 223 mp, * 3800; n.m.r.: 
t- 4.28, 7.4 (C-C-CHr-C-C), and 7.96 (C-C-CH,) in the ratio 3:1:2. 
Propose a structure for 28 and give the basis for your reply. 

21. In the oligomerization of butadiene, a compound was obtained of b.p. 117”. 
Its analysis and molecular weight in benzene indicated a dimer of butadiene. It 
absorbed 3 moles of hydrogen. The infrared spectrum of the hydrogenated product is 
identical to that of 3-methylheptane. The UV spectrum of the dimer has a at 227 mp, 
(25,100. Its CHi group gave a doublet (r > 8.9) in the n.m.r. Propose a structure for 
the dimer. 

22. Three bottles each contun a different one of the following isomeric compounds; 
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On the basie of the following n.m.r. data, label the contente of each bottle: bottle 1, 
r » 3.69 (triplet), 7.61 (singlet), 7.63 (doublet); bottle 2, r ■> 7.38 (triplet), 8.13 
(triplet), 3.85 (singlet); bottle 3, r ■■ 3.4 (doublet), 4.23 (doublet), 4.64 (triplet), 
7.03 (doublet). 



22 

Amino Acids and Proteins 


22.1 THE NATURAL AMINO ACIDS 

Amino acids are just what the name implies: molecules containing amino 
and acid groups. The most important ones are those in which the acid groups 
are carboxyl groups, and so this discassion shall be limited to the amino 
carboxylic acids. 

The principal source of amino acids is from the hydrolysis of proteins. 
Proteins are high-molecular-weight substances found in all living tissue. Upon 
hydrolysis, they are broken up into thousands of amino acid molecules. How¬ 
ever, only about 22 different types of amino acids have been isolated in this 
manner. Since these amino acids are obtained from living sources, they are 
referred to as natural amino acids. They can be named according to the 
Geneva system but are usually called by their common names. The structures, 
given in Table 22.1, need not be memorized other than, perhaps, that of 


TAME 23.1. NATURAL AMINO ACIDS* 


(5a« ilrudurti btlow) 


Neutral 

Monoamino- 
monocarboxylic acid.... 


Imioo acids 


Aroinatic 




1. Glycine 

2. Alanine 

3. Valine 

4. Leucine 

5. Isoleucine 

6. Cysteine (Cystine) 

7. Methionine 

8. Serine ] 

9. Threonine i . 

10. Hydroxyprolinc ) 

11. Proline 

12. Phenylalanine 

13. Tyrosine 

14. lodogorgoic acid ] 

15. Dibromotyrosinc > 

16. Thyroxine I 


... Sulfur containing 

.Hydroxy 
... Heterocyclic 

Halogen containing 


‘ A few more may have been discovered, but aa yet are not widely known. 
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Basic. 


Acidic 

Monoamino-dicarboxylic 121. Aspartic acid 
8'Cid.[22. Glutamic acid 

H 

G = _i-_coOH 

I 

NH, 


TAftf 22.1. CootbiMdl 

17. Tryptophane \ a * v 

18. Histidine ). Heterocyclic 

19. Lysine 1.Diamino-monocarboxylic 

20. Arginine] ' 


acid 


1. H-G 

2. CH,-<} 

3. CH, 


\ 

I 

/ 


CH~G 


CH, 

4. (CH,),CH~ CHr^ 

5. CHjCH, 


\ 

I 

/ 


12. CH-CH 

/ \ 

CH C-CHr-G 

\ / 

CH=CH 

13. CH-CH 

/ \ 

HO-C C-CHr-Q 

\ / 

CH==CH 

14. I 


CH-G 


I.*). 


C-CH 

CH, / \ 

6. HS-CHr-G(G-CHr-S-&-CHr-G) HO-C C-CHr-G 

7. CHr-S-CH,CH,-G ^^CH'^ 

8. HO-CH,-G 

9. CH,-CHOH-G 

10. HO-CH-CH, 

H,i in— COOH 

V 

i 

11* CH 2 --CHa 

^ifl-cooH 

N 


1 

Br 

i 


:-CH 

/ \ 

HO-C C-CHr-Q 

\=CH'^ 


L 
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TAtli >2.1 Contimwd 

16. CH-CH CH-CH 

/ \ / \ 

HO-C C-O-C C-CHr-G 

\ / \ / 

CH=CH CH--CH 


17. CH C-CHr-G 

HC C \ 

1 II CH 
HC C / 

i 

18. CH=C-CHr-G 

I I 

H-N N 

\h^ 


19. H.N-(CH,),-Q 


20. HN 


\ 


C-NH-(CH,)r-a 


HiN"^ 

21. HOOC-CH,-G 

22. HOOC-CH:CHr-G 


glycine. They are given merely to reveal their similarities and differences. 

Of the natural amino acids, all but |9-alanine, HjN—CHj—CHi—COOH, 
are a-amino acids, and all of the a-amino acids are optically active (the 
a-earbon atom being asymmetric) except glycine. There are no storage depots 
in the body for amino acids; consequently the body must either synthesize 
them when needed or get them from the diet. The body can synthesize 12 
of the natural amino acids; but, for normal growth and development, the 
other 10 have to be obtained from the proteins in our diet. These 10, there¬ 
fore, are referred to as the essential amino adds. By convention, the natural 
optically active amino acids are designated L regardless of whether they are 
dextro- or levorotatory. For example, leucine and histidine as obtained from 
the hydrolysis of proteins are levorotatory and called L(—)-leucine and 
L(—)-hi8tidine, respectively. The natural isomers of isoleucine and valine 
are dextrorotatory and called L(-|-)-isoleucine and L(-|-)-valine, respectively. 

The hydrolysis of proteins to yield amino acids may be catalyzed by acid, 
alkali, or enzymes. When acid or enzyme catalysts are used, optically active 
amino acids may be recovered, but alkaline hydrolysis causes racemization 
of the optically active acids. The problem for a long time was the separation 
of the amino acids resulting from the hydrolysis of proteins. Usually fractional 
precipitation, or esterification followed by fractional distillation of the esters, 
was used. This required very tedious work and was inefficient. The develop¬ 
ment of chromatographic separations within the past 20 years—first column, 
then paper, and now vapor chromatography—^has brought about a tremendous 
improvement in the ease and power of separating and isolating the amino 
acids. 
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Mttny thousands of different amino acids can be synthesized if they are 
desired^ Thiee cc^mon routes used are; 

1. Halogmatum and aminolysis oj adds 

R-CHr-COOH ^ R—CH—COOH R-CH—COOH 

I Gabriel'i I 

X NH, 

2. Malonic ester syrUhesis 

R COOR 

y/ mialonio 

C R—CH—COOH R—CH—COOH 

y \ lynthMii i or i 

/ \ 1 Ohhriel i 1 

H COOR X ■»"«■«“ NH, 

3. Strecker reaction 

O r H 1 H 

R-C^ + NH,+ HCN R-C-OH — R-C 
\ (KCN + NH 4 CI I |l 

H will serve) L NH, J NH 

H 

I TliO 

R—C—CN R—CH—COOH 

I " I 

NH, NH, 


22.3 PHYSICAL PROPERTIES 

Amino acids exist as an equilibrium mixture of a nonionic and a dipolar 
form; 

R—CH—COOH i=t R—CH—CO,- 

1 I 

NH, +NH, 

The equilibrium lies somewhere on the right, so that amino acids exist over 
50 per cent in the dipolar or zwitlerion form. This gives them a saltlike charac¬ 
ter, as revealed by their large solubility in water and insolubility in ether and 
by their relatively high melting points. They are amphoteric and react as 
acids or bases; 

H** ^R-CH-CO,H + H,0 


R—CH—CO,- 

+]!jh, 


+NH, 


‘R-CH^O,- 
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In an electric field, amino acids migrate to tiie catiiode in acid solutions and 
to the anode in basic solutions. For each amino acid, there is a definite pH at 
which the acidic and basic ionizations are equal, known as the tsoelcciric point. 
This point is seldom at neutrality, pH « 7, because the basic amino group 
may be more or less basic than the caihoxyl group is acidic. 

The solubility of an amino acid in water is minimum at its isoelectric point 
and often its isolation is attempted at this pH. Other properties are found 
to be at a minimum at the isoelectric point, such as the mobility, conductivity, 
osmotic pressure, viscosity, and stability toward coagulating agents. The 
minimum is sometimes quite sharp and therefore provides a means of deter¬ 
mining the pH of the isoelectric point. 

Other forms of evidence for the zwitterion form of amino acids are as follows; 

(1) Heats of dissociation: 

R—COOH + H:0 RCOr + H/)+ AH 1000 cal/mole 

R-NH,+ -h H:0 R-NH, + HK)+ AH 12,000 cal/mole 

The experimental heat of neutralization in acid media is -1300 to —2100 cal/mole; 
hence protons are combining with —COr groups. In alkali, the heat of neutralization 
is 10,000 to 13,300 cal/mole, hence hydroxide ions react with ammonium groups. 

(2) Dipole moments and dielectric constants; the dipole moments of amino acids 
are very large, 10-15D, indicating a considerable ionic or dipolar character. Also, upon 
dissolution in water, they raise the dielectric constant of water, something done only 
by polar molecules. 

(3) Raman spectra of neutral solutions indicate the presence of COr rather than 
COOH groups. 

(4) There is an electrocontraction when amino acids are dissolved in water. For 
example, if 1 mole of glycol amide, CHiOH—CONHt, dissolves in a large volume of 
water, the volume increases 56.2 ml, but if isomeric glycine, HtN'^—CHiCOr, is 
dissolved in the same volume of water, the vdume increases only 43.5 ml. The dipolar 
glycine molecule attracts the polar HtO molecules more strongly than glycol amide 
does, to give closer packing. 

(5) The dissociation constants of amino acids correspond to those of NHi'*' and 
COi~ rather than COOH and NH|. 

Tihe basic and acidic groups of amino acids interfere in their titration, and 
prevent sharp end-points from being obtained. Sprensen, a Danish physical- 
biochemist who originated the use of the pH scale as a measure of acidity of 
solutrans, found that the addition of a large excess of formaldehyde ties up 
amino groups, permitting the attainment of sharp end-points when titrating 
amino acids with alkali. Such a titration is called formal titration. One expla¬ 
nation is that the amino groups undergo hydroxymethylation to reduce the 
basieity of the nitrogen atom ; 
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H 

R—CH—NH» + H—C»*0 (excess) 

iooH 


H 


R-CH~N-CH,OH + R-CH-N(CH,OH), 


I 

COOH 


COOH 


22.4 CHEMICAL PROPERTIES 

The amino acids undergo the general reactions of amines and of carboxylic 
acids. Thus, they react with nitrous acid and acetic anhydride as do amines, 
and they form the usual carboxyl derivatives, such as esters, amides, acid 
halides, etc. When the y- and (-amino acids are heated, they suffer the loss 
of HjO to form lactam. 

CH, 

R-CH-CH,-CH,-C=»0 -» R-CH'^ ^CH, + H/) 

I (-1—^ * \ / 

HN-4-H OHi N-C 

-•' / \ 

H 0 

A lactam 


22.5 POLYPEPTIDES 

In 1902, Emil Fischer’’ and Franz Hofmeister independently proposed that 
proteins consist of chains of amino acids, and Fischer went on to accumulate 
convincing evidence. For example, he showed that proteins contain few free 
amino or carboxyl groups, but after hydrolysis, the reaction products contain 
many of these groups. 


R 0 / R 0\ R 0 

in—c—(-N—cH-iS-l-N—( 


CH-C-OH 


HtO 


NH. 


\h In H 

R 0 R 

I II I 

CH-C-OH + n H,N-CH-COOH + H,N-CH-COOH 

I 

NH, 


R 

I 


' Emil Fischer, a German organic chemist, received the Nobel Award in chemiatry in 
1902. 
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Fttcher idiowed that compounds containing the unide grouping —C—N—, 
called a peptide bond, give a coloration with alkaline copper sulfate (known 
as Uie Biuret test)—the more peptide links there are in a compound, the 
deeper the color. Proteins give dark violet colors, indicating the presence of 
many peptide groups. Finally, he synthesized a polypeptide by joining 18 
amino acid moletniles (15 of glycine and 3 of leucine). The product had a molec¬ 
ular weight over 1200, gave a positive Biuret test, and exhibited the Tyndall 
effect.’ Fischer’s synthesis was more elaborate than will be given here, but 
the following sequence brings out the important points in his preparation of 


a polypeptide. 

a—CHi 
<!xx)h 


odld 

Xi. P HiO NHi or 

-bR-CH-X—►R'-CKX -B 

I I OibriePB 

L^X COOH BynthMli 


R--CH—NHi 

(ioOH 


I h NH. or jl 

— R-CH-NH—C—CH—NHi i -R-CH-NH—C-CH—X 

I I Gftbriert I I 

COOH R lyniliMu COOH R 



0 0 

11 11 NH. or 

B—CH—NH—ii—CH—NH—C—CH—X- B 

III Qobriel’i 
COOH R R lyiitheiifl 


0 0 

a— CH—NH—CH—NH—CH—KH, 

(fxlOH A ^ 

A iripeptide amiiko Mid 


When tiie two latter reactions are continued, amino acid units may be added 
one at a time to form a high-molecular-weight product. 

Fischer’s procedure added amino acid units to the amino group of the 
polyp^tide chain. Another approach is to add them to the COOH group end. 


Hr-CH-COOH ^ R-CH-COOH ^ 

I (1) j 0) 

NH. NHAc 


Br-yH—COOH 

R-CH—COCl -► R-CH—CO-NH-CH-COOH 

I ® I I 

NHAc NHAc R 


NHAc 


* When a light beam paMei through an ordinary solution, its path cannot be seen, but 
when passing through a colloidal solution, its path can be seen just as a sunbeam is seen 
when shining into a dusty room. The dust particles reflect the light to reyeal the light path. 
The small partictea of a colloidal solution also reflect light to expose the light path. Large 
molecules frequently give colloidal eolutiona rather than dissolved moleculeB or ionB> and 
the Tyndall effect is used as a means of detecting colloidal solutions. 
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Alternate repetition of etepa (2) and (3) adds Buccessively amino acid units. 
However, the initial acyl group used to protect the first NHi group can only 
be removed by hydrolysis. This would also hydrolyze all peptide links, result¬ 
ing in a batch of amino acids. The problem was solved by using a protective 
group which may be removed through hydrogenation. Benzyl chloroformate 
(commonly called carbobenzoxy chloride) is first reacted with an amino acid. 

C.H,CHr-a-COCl + H,N-CH-COOH 

1 

R 

CJI,CHr-0—CO—NH—CH—COOH -|- HCl 

I 

R 


When steps ( 2 ) and (3) are used alternately, amino acid units may be added 
one at a time, different amino acids being used if desired, until a long-chain 
polypeptide has been formed. Then, the carbobenzoxy group may be removed 
by catalytic hydrogenation. 



In recent years, polypeptides have been prepared by polycondensations. In 
the presence of a small amount of water, an N-carboxyanhydride (called 
Leuchs’ anhydride) hydrolyzes, then suffers the loss of COi to produce an 
amino acid. 

0 

if.n — 

R-CH-C ^ R-CH-COOH R-CH-COOH 
0 NH- 60 OT NH, 

. I 

NH-C —0 
A 


Then, more of the anhydride A quickly reacts with the amino group as any 
anhydride would. When this intermediate product loses COi, a dipeptide 
results. 
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0 


R-CH-NHi- 




OOH 


R-CH 

A 


:-nh-<!!-ch—N 


NH—COOH 


-COi 


OOH 


I 

R 


0 


R-CH-NH-C-CH-NH, 


I 

COOH 


R 


Upon reaction with more of the anhydride and loss of COi, a tripeptide is 
produced.. 


0 


R-CH-NH 

A 


i-J-CH-NH,- 


300H 


1 

R 


0 


0 


-COi 


R—CH—NH—C—CH—NH—C-CH—NH—COOH 

I I I 

COOH R R 

0 0 

II II 

R-CH-NH-C-CH-NH-C-CH-NH, 
iooH i 


R 


This sequence of reactions repeats itself until products of extremely high 
molecular weights (1 million to 15 million) result. 

Similarly, amino acid chlorides may be polycondensed. An amino acid 
chloride hydrochloride salt, R—CH—COCl, is prepared from the amino acid 

NH,C1 

and PCU and then purified with careful exclusion of moisture. When heated 
in a vacuum, or in basic media like triethylamine, the amino acid chloride 
polycondenses to polypeptides of 10 to 30 units. 


22.6 PROTEINS AND NUCLEIC ACIDS 

Proteins make up a large part of all living matter, comprising over half 
the solid substance in the tissues of man and other mammals, and play a 
coitral role in virtually all activities of livmg cells. Hair, nails, leather, skin, 
and fleili are mostly proteinic material. Proteins are responsible for the con¬ 
traction of muscles, the protein hemoglobin carries oxygen from the lungs 
to the tissues throughout the body, and other enzymatic proteins control 
hoedity. Consequently, proteins are extremely important to each of us and 
are of much interest to chemists. 
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It wu indicated in Section 22.5 that proteins are built up from amino acida 
which have been united through loss of water to form peptide bonds. The backbone 
of the polypeptide chain consists of the sequence 

O R H 0 

H Ah A I! 

/V V^c/V 
A S i i 

in which hundreds of amino acid units may be strung together in a single chain. The 
order and type of amino acids in the chain control the properties and biological func¬ 
tions of the protein. The amino acid format of natural proteins is much like words in 
a spoken language. In English, for instance, wt. have thousands of words made up 
from just 26 letters, but there are millions upon millions of nonwords possible from 
different combinations of these same letters. Similarly, there appears to be only a 
few thousand different natural proteins, although billions are possible from different 
combinations of the 22 different amino acids. 

The order of amino acids in the protein structure is not the complete story. Each 
chain is coiled and attached to other chains through S—S and hydrogen bonds and 
ionic forces (see Figure 22.1) which gives the protein its secondary structure. Finally, 
the chains are coiled and folded in a three-dimensional pattern, called its tertiary 
structure, and held in this framework chiefly by hydrogen bonds. Nevertheless, the 
tertiary structure or topography of the protein, which determines its biological func- 

NH2 I-S—S- 1 NHz HHi NHz 

A chain | | | III 

Gly-IlDu-Vol-Glu-Gkj-Cy-Cy-Alo-Sar-Vol-Cy-SDr- Ltu-Tyr-Glu-Uu-Glu-Asp-Tyr-Cy-Aip 


f f 

NHj NH? S S 

III I 

Phe - Vol - Aip-Glu - H i 1-Lsu-Cy - Gly - S«f-Hit—Liu — Vol—Glu—Alo - Leu—Tyr—L«u—Vo I—Cy 

B choin I 


Ala - Lye—Pro—Thr—Tyr- Phe-Phi - Gly — Arg—G lu- Gly 


( 0 ) 


A chain 

B choin 

(b) 

Fig. 22.1, Th« amino acid itructura of insulin (o) and a schematic drawing of the 
pouible coiling of a portion of the molecule showing its 5*5 and hydrogen bond 
Mcondory structure. Token from A. P. Ryle, F. Sanger, L F. Smith, and K. Kitoi, The 
Biechemical Journal, 60, 541 (1955). 
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tion, ia fundunentBlly dependent upon the amino acid pattern in the chain. De- 
eaturation of a protein conaiete in unfolding ita tertiary atrueture, which may be 
reveraible or irreveraible, depending on the extent of derangement. 

The name "protein,” originated by the Swediah chemiat Beraeliua, waa talcen from 
the Greek word proleun, meaning "of the firat order.” But proteina are ao complex in 
atrueture, ao varied in molecular aiie and ahape, compoution and propertiea, t^t the 
Damah biochemiat Linderatrem-Lang thought of violating hiatory and deriving their 
name from Proteua, the Greek god of the aea who could aaaume any ahape he deaired. 

A protein may be hydrolyaed and ita conatituent amino acida identified to give ita 
general compoaition. For example, the amino acid contenta of three familiar proteina 
are given in Table 22.2. Owing to the diificultiea in the analyaea, the total percentagea 

TAME 22.2. AMMO ACID CONTENT OF SOME FtOTBNS 


Amino Acid 

Hemoglobini 
mol. wt. 
68,000 
% 

Gelatin, 
mol. wt. 
70,000 
% 

Egg Albumin, 
mol. wL 
44,000 
% 

Glycine. 

5.6 

23.6 

1.9 

Alanine. 

7.4 

10 

7.4 

Vahne. 

9.1 

2.5 

6.8 

Leucine. 

15.4 

3.7 

9.4 

Isoleucine. 

0 

1.7 


Phenylalanine. 

7.7 

2 

6 

Tsrosine. 

3.0 

0.2 

4.2 

Tryptophane. 

1.7 

0 

1.4 

Serine. 

5.8 

3.3 

7.6 

Threonine. 

4.4 



Cyateine. 

4.6 



Cystine. 

0.9 

0.1 

1.7 

Methionine. 

1.0 

0.8 

5.0 

Proline.. 

3.9 

15.3 

4.5 

Hydroxyproline. 


13 


Arginine. 

3.7 

7.8 

5.7 

Histidine. 

8.7 

1.0 

1.8 

Lysine. 

8.5 

4.3 

4.5 

Aspartic acid. 

10.6 

8.5 

8.2 

Glutamic acid. 

8.5 

5.4 

16.3 


do not equal 100 exactly. The error in molecular weighto may range from 3 to 16 per 
cent. Theae analyaea, however, do not reveal the order in which the amino acida are 
connected in the polypeptide chain. 

The first aucoesaful determination of tiie amino acid .sequence in a natural protein 
waa reported in 1064 by Frederick Sanger and his cowoilmn at Cambridge Unhrernity. 
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Their BueoeaB reeted largely upon two ad vancea in technique. One was the development 
ot paper chromatography by two British chemists, A. J, P. Martin and R. L. M. Synge, 
for which they received the chemistiy Nobel Award in 1052. The second key to 
Sanger's success was his discovery of tJie way to identify the amino acid at the end 
of a polypeptide chain. He found that a dinitrophenyl (DNP) group could be attached 
to the free amino group to form an easily identified compound, When the poly¬ 
peptide is hydrolysed into separate amino acid fragments^ the DNP group remains 
attached to the unit formerly at the end of the polypeptide chain, and in this way the 
end amino acid group becomes identified. By cleaving a polypeptide randomly in 
various size fragments, identifying the end amino acid units of the various fragments, 
and noting overlapping sequences in the several fragments, Sanger and his group were 
able to deduce the complete succession of amino acids in the insulin molecule (51 amino 
acid units of 17 different types, mol. wt. 5,733; see Figure 22.1). 

Sanger’s epochal achievement triggered a wave of activity in this field. Other 
reactions were found for labiding end amino acids in polypeptide chains, and larger 
proteins were investigated. As a result, the amino acid structures have been determined 
for the following proteins: 

Tobacco mosaic virus 

Ribonuclease 

ACTH 

One of the chains in 
fetal hemoglobin 

Glucagon, a pancreatic 
hormone 

During the period that Sanger was conducting his significant experiments in de¬ 
grading the insulin protein molecule to ascertain its amino acid structure, an equally 
monumental program was underway in this country to synthesize a natural protein. 
V. du Vigneaud^ and his associates at Cornell University synthesized a protein (oxy¬ 
tocin) which is identical structurally and biologically to the natural substance. 

From an examination of the sequence of amino acids found so far in proteins, it is 
apparent that the order is random, and frequently an amino acid repeats itself in 
succession in the chain. Since only some 22 different amino acids are found in proteins, 
the mechanism of protein synthesis must be responsible for the arrangement of these 
22 building blocks into the random but highly specific order in a given protein. A 
single alteration of one amino acid out of one or two hundred may give rise to a 
protein with a different biological activity. For example the hemoglobin 3 differs from 
normal hemoglobin by having a single valine amino acid unit in place of a single 
glutamic acid link in a 546-link chain. This gives the hemoglobin S different chemical, 
physical, and biological properties responsible for the disease called sickle cell anemia, 
characterized by the presence of sickle-shaped red blood cells. The disease can be mild 
or fatal. 

Chemical methods can provide considerable information about the primary and 
secondary structures of proteins, but physical methods have been needed to ascertain 
their tertiary structures. Thus, by X-ray diffraction studies, Linus Pauling^ and his 

* Vincent du Vigneaud, an American biochemist, received the Nobel Award in chemistry 
in 1955. 

• Linus Pauling, an American physical chemist, received the Nobel Prize in chemistry in 
1964. When he was named winner of the 1962 Nobel Peace Prize, he was the only person to 
receive two such awards alone (Marie Curie won the 1611 chemistry Nobel Prize and shared 
the 1903 award in physios). 


158 amino acid units, mol. wt. 18,000 
124 amino acid units of 17 different 
types, mol. wt. ca. 14,000 
39 amino acid units, moL wt. 4,500 
574 amino acid units 

15 amino acid units, mol. wt. 3,485 
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ccworken at the California loetitute of Technology determined the tertiary Btmetuie 
of fibvouB protana, and J. C. Kendrew uid M. F. Perutz* determined the complete 
atrueture irf tiie myoglobin molecule, which is responsible for muscle action. 

Proteins give various color reactions for their qualitative detection, the 
color depending upon the amino acids composing them. For example, proteins 
that contain tyrosine give a yellow color with concentrated nitric acid (the 
yellow-brown color produced when nitric acid is spilled on the skin), known 
as the xanthroproteic acid test. Also, they produce a blue color in alkaline 
phosphomolybdates, and a red color with Millon’s reagent (a solution ob¬ 
tained by dissolving mercury in concentrated nitric acid and diluting with 
water). 

Because of the presence of many ionizable amino and carboxyl groups, 
proteins are markedly affected by the pH of their environment. There is 
usually a definite pH at which each protein will exhibit its maximum biological 
activity; this pH is not necessarily its isoelectric point. Most heavy metal 
salts precipitate proteins, causing them to become denatured, i.e., lose their 
biological activity. Certain strong organic acids like trichloroacetic and picric 
acids form insoluble precipitates with proteins. Certain medical practices are 
based on this precipitation of proteins with reagents. For example, picric and 
tannic acids are used in salves or solutions for treating burns, because they 
precipitate proteins and form a protective coating. Egg albumin is adminis¬ 
tered in cases of heavy metal poisoning, because it forms a precipitate with 
the metal ions and prevents adsorption of the ions. The precipitate is removed 
from the stomach with a stomach pump or by vomiting. Proteins also form 
complexes with fats, called lipoproteins, and with large unsaturated com¬ 
pounds, as with retinene in visual purple of the eye. 


A. Enxymes. Increasing the importance of proteins is the fact that enzymes 
ore complex protein molecules also. Enzymes are catalysts for biological 
processes; indeed, there is no known biological process that is not started 
and directed in its course by enzymes. Breathing, muscular contractions, nerve 
impulses, and all biological actions are triggered by some specific enzyme. 

The word comes from the Greek zyme, meaning leaven or "in yeast.” In 
1897 Eduard Buchner^ ground up some yeast cells, squeezed out the juice, 
and obtained a solution which would also convert sugar into alcohoL Other 
scientists took up the difficult task of isolating a pure enzyme, and finally in 
1926, James Sumner* at Cornell obtained a pure crystalline enzyme from 
jack bean which catalyzes the hydrolysis of urea. 


, and M. F. Perutz, British physicists, received the Nobel Prise in chem- 

istiy in 1982. 


’ Edwar^Buchner, German biochemiit, received the Nobel Award in chemistry in 1907. 
. Junes B. Sumner, American biochemist, together with J. H. Northrop and W. M. 
Stanley, received the Nobel Award in chemistry in 1946. 
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ilie « 5 rBtheamtig ability of living celk far aurpaases that of chemists. For instance, 
axhemitt could grind up a piece of meat, treat it with strong acids or caustic reagents, 
heat the residue in high-pressure chambers, whirl it in a centrifuge, extract it witii 
delicate organic solvents at low temperatures in a multiple countercurrent extraction 
apparatus, vacuum distill the extracts, and chill the distillates in liquid air. Perhaps 
after seveml days, he might get a few crystals of a substance product by our normal 
digestion. On the other hand, without resorting to any of these drastic conditions, we 
digest our food easily, quickly, and, fortunately, with pleasure. This is due to the 
miraculous catalytic action of ensymes. The average protein must be boiled for 24 
hours in a solution of 20 per cent hydrochloric acid to be completely broken down.. 
The body does the same thing in four hours or less, and without high temperatures and 
strong acids. 

A single cell has an estimated 100,000 ensyme molecules. An enzyme molecule which 
splits hydrogen peroxide into water and oxygen—and creates the white foam when 
the antiseptic is placed on a wound—can transform more than 5 million peroxide 
molecules per minute. 

Processes not involving oxygen carried on through enzyme activity are called 
Jermentaiions, Generally, fermentation processes are limited by relatively high costs 
and the necessity of working in batches rather than continuous flow. Despite these 
disadvantages, fermentations are used industrially because of their specificity and 
production of optically active substances. For instance, the alkaloid ephedrine, which 
causes shrinkage of mucous membranes, can be synthesized, but a racemic mixture 
results. Only the I-form has the physiological activity; hence it is produced selectively 
with the aid of a suitable enzyme. Similarly, enzymes are employ^ in the production 
of several hormones, antibiotics, vitamins, citric and lactic acids, and certain alcohols. 
Enzymes are used also for other commercial processes. Some dry cleaners use enzymes 
to remove spots of egg, blood, beer, and coflee. An enzyme is used to remove pus and 
dead tissue in severe bums as an aid to medical treatment. An enzyme is used to clear 
wines, beer, and cider, which formerly became cloudy upon chilling. Then, of course, 
enzymes are used for the production of cheeses and alcoholic beverages. 


b. Hormones and viruses (see also Chapter 28). Animal hormones may 
be defined as substances secreted by glands into the body fluids to control 
the operation of certain organs. Some hormones are ordinary low-molecular- 
weight substances such as acetylcholine, which depresses blood pressure. 


.CHr 


0 

-cUo-CHf-CHr 

Acetylcholine 


-N(CH, 


.).JoH- 


Several hormones, however, are proteins, such as insulin, oxytocin, and ACTH 
mentioned otrlier. 


At least 28 mmmalisn hormones have been identified. They form the most potent 
class of' biologically active agents. For example, only 10~'g is sufficient for gluoagoo, 
vasopressin, oxytocin or epinephrine to exert their effects—^increase the blood pressure, 
retaase adreosl steroid, induce labor, etc. Hormones have a major role in medicine now, 
and the annual volume of sales in the United States amounts to several hundred million 
doUan, 

A eAvs is an agent whieb will cause disease but is too small to be aeeu under a light 
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microscope (photographs can be taken with an electron microscope) and cannot be 
Sltered from solution with porcelain filters that hold back bacteria. It was presumed 
until 1935 that viruses were small microorganisms. In that year Nobel laureate Wendell 
Stanley crystallised a protein shown to cause the tobacco mosaic disease. In 1966, the 
virus that causes poliom>’elitiB was isolated in pure form. It is not known that all 
viruses are proteins, but those isolated so far have been proteins in combination with 
nucleic acids (high-molecular-weight organic acids containing heterocyclic nuclei). 

Viruses have very high molecular weights (at. 40 million) and have the ability to 
reproduce when placed in the proper animal or plant. They cannot live on sugars, 
meat broth, or other foods upon which bacteria thrive. Viruses are very specific 
about the type of cells in which they will reproduce. Cells of human beings are just right 
for the polio virus, but the cells of cats are not. However, cats contract other virus 
diseases that do not affect human beings. Ability to reproduce has long been taken as 
one criterion for life, so the question of whether or not viruses are living organisms has 
been debated. A recent view is that a virus is an enzyme capable of catalyzing its own 
formation. 

c. Nucleic acids. In protein synthesis, cells use the random mixture of 
amino acids dissolved in the cellular fluid and the blood. The amino acids 
must be united in the specific order of the protein, and to do this there must 
be a specific process. This process is called the template mechanism, and 
nucleic acids are thought to be the templates. Templates are large molecules 
composed of thousands of constituent units called nudeotidea linked by a 
phosphate ester bond (Figure 22.2). 


Boss I 



Fig. 22,2. Nucleic ocid. Bum » a purine or pyrimidine. Sugar = penfoie (in RNA) 
or deoxypentese (in DNA). 


The nucleic acids are classified as deoxyribonucleic acids (DKA) or ribo- 
nucl^ acids (RKA), depending on the presence or absence of a hydroxyl 
group on the 2 ' positbn of the pentose. DNA is found only in the chromosomes 
of the cell nucleus, whereas RNA is present in the nucleus and the cytoplasm. 
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Efu^h nucleic acid contains four different kinds of nucleotide units, and the 
unit is distinguished by the type of base it contains. 

During the past score years scientists have made amazing, p^etrating probes of 
life and have placed several biological processes on a molecular basis. On the one hand 
they have shown how simple chemicals such as COt, Hs, NHi, and CH 4 can be catalysed 
by ultraviolet radiation or an electric spark to form amino acids and simple poly¬ 
peptides. Conceivably^these compounds could react further to yield proteins of greater 
and greater complexity until, finally, self-catalyzing substances were formed that 
could reproduce, On the other hand, scientists have recently explained genetics largely 
in terms of molecular processes. 



Adenine Guanine Th 3 rmine Uracil Cytosiiia 

Punnet Pj/rifnidinea 


All living tissue consists of cells which, when the cells are about to divide, are seen 
to contain circular regions surrounded by a thin membrane. Inside this membrane 
are bodies of various shapes that can be stained and are called chramasomes. In these 
chromosomes are linear, worm-like regions called genes, which have been shown to be 
the carriers of the cell's inheritance. Chemical analysis of chromosomes, from whatever 
organism, reveals that they contain the same two components, nucleic acids and pro¬ 
tein. Hence, either the protein or the nucleic acids must be the carrier of inheritance. 
Experiments have shown it to be the nucleic acids alone which carry the genetic 
information. 

Whereas genes consist of nucleic acids, all enz>ine 8 discovered to date are proteins 
(not all proteins are enzymes). It is believed that the function of the genes is to control 
the structural formation of proteins. If the nucleic acids are to convey genetic infor¬ 
mation, they must have a specific structure to form a chemical code. As stated above, 
nucleic acids consist of a long chain of repeating nucleotides characterized by the 
pattern of bases attached. In any one nucleic acid, these bases are of four different 
types. The fact that these bases are the only variable constituents of nucleic acids indi¬ 
cates that their sequence transmits a chemical genetic code written in a four-letter 
alphabet. 

Thus, DNA and RNA serve as the templates for the synthesis of proteins (including 
enzymes). The situation has been likened to the procedure in making records. DNA is 
thought to be the master matrix, with RNA serving as a working mold. A master 
impression (DNA) serves to guide the cutting of thousands of similar records (RNA) 
which, in turn, are used to reproduce the musical patterns (proteins). 

Nucleic acid replicates itself by this template mechanism each time a cell divides. 
If there is an aberration during replication and an incorrect base is incorporated into 
one of the daughter chains, then the genetic message is altered. The new genetic mes¬ 
sage may then be transmitted indefinitely from generation to generation, and this mu¬ 
tation will thereby give rise to a variety in the species. In this way, evolution could 
proceed in a series of small steps. The change in the amino acid sequence in a protein 



wwiltf Jead to tbe evolution of new ensymes which would citalyw (ItffereDi tene^ 
and lead to the development of new speciee, i.e^ evolution. 

Scientists of many countries have contributed to the present knowledge of DNA 
and RNA. For illustration, Dr. James Watson of Harvaid and Dr. Francis Crick of 
Cambridge University worked out the spiraMadder tertiary structure of D'NA. Dr. 
Arthur Komberg of Stanford and Dr. Servero Ochoa of New York University synthe* 
siaed DNA and RNA, respectively, and received the 1959 Nobel Prise in medicine. 
Dr. Manhall Nirenberg of the National Institutes of Health first learned the code 
used by RNA and DNA in transmitting genetic information. 

Research on nucleic acids is exciting because it appears that DNA and RNA may 
be involved in many complex life processes besides heredity, such as memory, aging, 
and virus diseases. 

STUDY eXEKClSES 

1. Define or describe the following terms; 

(a) formol titration (d) a gene (g) a virus 

(b) switterion (e) an enzyme (h) a protein 

(c) polypeptide (f) a hormone (i) isoelectric point 

(j) a lactam 

2. Describe a method of synthesizing a tetrapeptide from amino acids. 

3. is formed when a S^mino acid is heated? 

TEST QUESTIONS, S«f 20 

1. I^lien 2.4 g of a protein, molecular weight 12,000, are treated with cold nitrous 
acid, then warmed up gently, 44.8 ml of Nt, STP, are produced. How many free 
primary amino groups per mole are there in the protein? 

2. Why would glacial acetic acid rather than hexane be used as a solvent for the 
acetylation of amino acids with acetic anhydride? 

3. A sample of tripeptide amino acid weighing 1.092 g reacted with nitrous acid 
to liberate 89.6 ml of N,, STP. 

(a) Assuming one free NH: group and one acid group, what is the molecular 
weight of the tripeptide? 

(b) What volume of 0.6 Af NaOH would be required to neutralize 5.46 g of the 
tripeptide? 

(c) If 1.37 g of the tripeptide were hydrolyzed in 50 ml of 1.0 N NaOH, what 
volume of 1.5 Af HCl would be required to neutralize the exceez alkali? 

4. In a solution of pH 10, will glycine exist as an anion or as a cation? 




Carbohydrates 


Carbohydrates include polyhydroxy aldehydes and ketones, and compounds 
convertible into these aldehydes and ketones by hydrolysis. Because the ratio 
of hydrogen to oxygen in these compounds is often 2 to 1, having the empirical 
formula Cn(HiO)«„ they were given the term carbohydrate for “hydrate of 
carbon." The actual structures of carbohydrates, however, have no relation¬ 
ship to this notion. The simplest hydroxyaldehyde is glycolic aldehyde, 
0=CH—CHiOH, which exhibits some of the properties of carbohydrates. 
Nevertheless, since carbohydrates are optically active substances, glyceralde- 
hyde (HOCH*—CHOH—CHO) is generally taken to be the “parent" carbo¬ 
hydrate. 

23.1 CLASSIFICATION AND NOMENCLATURE 

The class suffix for carbohydrates is -ose. One may have a triose, tetrose, 
pentose, hexose, etc., depending upon the number of carbon atoms forming a 
straight chain in the carbohydrate. Since the carbohydrate may be aldehydic 
(an aldose) or ketonic (a ketose), prefixes are used. Thus, an aldopentose is 
a 5-carbon atom aldehydic carbohydrate, and a ketohexose is a 6-carbon atom 
ketonic carbohydrate. 

HOCHr-CHOH-CHOH-CHOH-CHO 

An aldopentose 

0 

HOCHr-CHOH-CHOH-CHOH-(!!-CH,OH 

A ketohexose 

These simple cartrahydrates are called monosaccharides, or sugar units, and are 
found in nature sometimes joined together through the loss of water molecules. 
Carbohydrates consisting of two supr units are called disaccharides, those 
with three sugar units are trisaccharides, and those with many sugar units are 
polysaccharides. Oligosaccharides is a loose term referring to carbohydrates 
>’'^0 up pf from 2 to 10 sugar units. Because of stoeoisomerism, there are 2 
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aldotrioses, 4 aldotetrosee, 8 aldopentoses, 16 aldohexoses, etc., not to Ment ion 
the ketoses. Each one of these carbohydrates which has bMn isolated has 
been given a separate name. 

In general, although there are several exceptions, the monosaocharides and 
disaccharides are crystalline, water soluble, ether insoluble, somewhat sweet 
compounds, and are referred to as sugars. In contrast to this, the polysaccha¬ 
rides are usually amorphous, insoluble in water and in ether, and are tastdess; 
the most common are the starches and cellulose. 

23.2 MONOSACCHARIDES 

a. Structure determination. For experience, let us see how certain data 
could be used to determine the structure of a carbohydrate. An aldohexose 
will be used for illustration. The data are not presented in the order in which 
they might have been collected, but in a logical order, as they would be given 
in a report. The chemist would carry out many experiments, some fruitless 
and some informative, but he would select those for his report which lead 
most directly to his conclusion. 

1. Analysis and molecular weight determination indicate the unknown has a 
molecular formula of 

When working with a new compound, a chemist normally purifies it as much 
as he can, as indicated by its melting or boiling point, or any other appropriate 
physical property. He then analyzes it qualitatively for the elements, to learn 
which ones are present. Next, he makes quantitative analyses to ascertain its 
empirical formula. After measuring its molecular weight, its molecular fonnula 
can be determined. 

2. Reduction of the unknown with HI -|- phosphorus produces n-hexane. 

Normally, a chemist would next carry out various functional group analyses; 
i.e., he would make tests to ascertain which types of functional groups are in 
the unknown: aldehyde, acid, ester, etc. Among these tests might be the 
behavior toward different reducing agents, and in this case, HI -f- P was one. 
The fact that normal hexane is obtained reveals that the sue carbon atoms form 
a straight chain. 

3. The unknown adds one mole of HCN. 

The unknown exhibits various carbonyl properties, such as reacting with 
hydroxylamine and phenylhydrazine, and since it adds only one mole of HCN, 
there must be either an aldehyde or a ketone group present, but not both. 

4. Oxidation of the unknown with bromine converts it into a monoearboxylic 
add without loss of carbon atoms but with Me loss of earbon/yl j/roperHes. 

It will be found that several reactions and reagents used with carbohydrates 
are not commonly used with the other classes of compounds. Bromine and 
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nitrie aeid used M oxiduing ageuta are two such reagents peculiar to carbo¬ 
hydrate ohemistry. In this instance, the fact that a monocatboxylic acid is 
obtained without degradation indicates that either an aldehyde or priniaiy 
alcohol group has undergone oxidation. Recall that ketones and secondary 
and tertiary alcohols give carboxylic acids only with degradation. In this 
case, since the acid that arises no longer has carbonyl properties, it must 
have been the carbonyl group that was converted into the acid group. 
This means the carbonyl group was an aldehyde group. So far, this gives 
G—C—C—C—C—CHO for the structure of the unknown. The aldehyde 
group must be at the end of the chain to have a straight chain of carbon 
atoms. 

5. Oxidation of the above monocarboxylic acid with nitric acid yieidt a di- 
carboxylic acid without the loss of carbon atoms. 

Since the monocarboxylic acid has no carbonyl group, the only other type of 
group which will give rise to a carboxyl group without degradation is a primary 
alcohol group. Hence, there is a primary alcohol group in the monocarboxylic 
acid and, therefore, in the unknown. This gives us for its structure so far, 
CH,OH-C-C-C-C-CHO. 

6. Reaction with acetic anhydride liberates five equivaterUa of add. 

As discussed in Section A-46 (Appendix), the liberation of five equivalents of 
acid indicates the presence here of five OH groups. Since two OH’s on the same 
carbon atom is an unstable structure, and the unknown is a normally stable 
compound, the five OH’s will be placed on five different carbon atoms. One 
is already found to be a primary alcohol, and the other four will be placed 
on the four available center carbon atoms. 


HO—CHr-e- 

in 


—C-C-CHO 

I I I 

OH OH OH 


This accounts for the six C’s, six O's, and eight of the 12 H’s of the molecular 
formula CiHuOt. To take care of the four remaining H’s and to conform with 
valence rules, the four H's should be placed on the four center carbon atoms. 


H H H H 

HO-CHr-i-A-A-A-CHO 

Ah Ah 


A 


H OH 


In this fashion, one might have worked out the structure of the hexose, 
although the relative orientations of the four OH’s about the four center 
cerbon atoms are still unknown. 
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b. SUMWtioia of nioooMcdiaridM. Siooe hexoees are tiie moot eorainon 
monosaecharidee, tiiey will be used for iUustratbn. The coii6guratioiuU atruo* 
lures of four of the most common hexoses—glucose, mannose) galactose, and 
fructose—are given bdow. 

CHO CHO CHO CH,OH 


H-i 


H-C-OH HO-C-H H-C-OH C-0 

I I I I 

HO—C—H HO-C-H HO-C-H HO-C-H 

H-C-OH H-C-OH HO-C-H H-i-OH 

H-C-OH H-C-OH H-C-OH H—C-CH 

till 

H,C-OH H,C-OH H,C-OH H,C-OH 

Glucose Mannose Galactose Fructose 

Found in fruits, From plants by From milk sugar Found in fruits 

blood, and urine. hydrolysis. by hydrolysis. and honey. From 

From sugar cane sugar cane by hy- 

and starch by hy- drolysis. 

drolysis. 

Given under 13 headings on the following pages are certain important reac¬ 
tions of monosaccharides. 


HO-C-H 

I 

HO-C-H 

I 

H-C-OH 

I 

H-C-OH 

I 

H,C-OH 

Mannose 
From plants by 
hydrolysis. 


H-C-OH 

I 

HO-C-H 

I 

HO-C-H 

I 

H-C-OH 

I 

H,C-OH 

Galactose 
From milk sugar 
by hydrolysis. 


l-OH 


H—"C—OH 

I 

H,C-OH 

Fructose 
Found in fruits 
and honey. From 
sugar cane by hy¬ 
drolysis. 


t. Molisch test: When a carbohydrate is dissolved or suspended in water in 
a test tube with a phenolic substance (page 498), and then cone. H^Oi is care¬ 
fully poured down the side of the tube to form two layers, a deep red to violet 
color is formed at the interface of the two liquid layers. This test is used for 
the qualitative detection of carbohydrates in general and is known as the 
Molisch test. 


£. Phenylosazone formation: 


CHO 

1 

H—C—OH -I- 3H,N—KH-C,H, 
(inoH), 
intOH 


CH—N—NHC.H, 

.. NHC.H, + NH, -H HiNCsHi 

(CHOH), 

1 

CH,OH 


The first mole of phenylhydrazine reacts with the monosaccharide just as it 
would with any carbonyl compound, forming a phenylhydrazone. Because of 
the water-solubilizing effect of the several OH groups through hydrogen bond¬ 
ing with water molecules, most pbenylhydrazones of sugars are hard to isolate. 
A second mole of phenylhydrazine effectively oxidizes the a-aloohot group to 
a keto group. 
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C5H-»N-NHCA 

inoH 

(iflOH), 


CH—N-NHCA 
+ H,N-NHCA-* (!m) 

(iHOH), 
in,OH 


+ NH, + H,NCA 


CH,OH CH,OH 

or, for a ketose phenyIhydra 2 one, 

CHjOH CH-0 

i=N-NHCai, + H,N-NHC,H. ^ i^N-NHCJI, + NH, + HJJCA 
(inoH), (inoH), 

in,OH in,OH 


Then, the third mole of phenylhydrazine reacts with the new carbonyl group 
to form the phenylosazone. One immediately asks, Why does the reaction 
stop after the introduction of two phenylhydrazine residues? Evidence has 
been found to show that the phenylosazone is stabilized by chelation. 


NHCJf, 

1 

N N 


// 


/ \ 

HC 

H 

HC N-C, 

1 

1 

or 1 1 

C4H,04-C 

N-C.H, 

C4H,()4—C H 


\ / \ / 
N N 


NHCJi, 


It thereby resists further reaction with the phenylhydrazine. Phenylosazones 
are yellow to orange-red crystalline compounds sometimes used as deriva¬ 
tives for the identification of carlwhydrates. 

The structures of phenylosazones will be the same for the first two carbon 
atoms. Since glucose and mannose have identical structures below the Ci 
carbon atoms, they give rise to the same phenylosazone.^ This is true also 
for fructose, even though fructose is a ketose, for it has the same structure 
as glucose and mannose below the C* carbon atom. This means that these 
three sugars could not be differentiated on the basis of the melting points of 
the phenylosazone obtained from each. On the other hand, galactose differs 
from glucose with respect to the orientation of the H and OH about the 


^ Mannose is unusual in that it gives a colorless phenylhydrazone which is slightly soluble 
in hot water. However, continued heating with excess phenylhydrazine slowly converts the 
phenylhydrazone to mannose phenylosazone, which is identical to glucose phenylosasone. 
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C 4 carbon atom. Gatactoae would, therefore, give a different jdienyloaasone 
from that of glucose. 

3. Oxidation: Those carbohydrates having free carbonyl groups reduce 
Fling’s and Tollens’ reagents just as ordinary ald^ydes do. Although these 
reagents normally are reduced only by aldehydes, a-hydroxyketones are also 
oxidued. Hence, ketoses give positive tests toward these two reagents. TTiere 
are some carbohydrates, however, whose carbonyl groups are tied up (this 
will be shown presently), and these do not reduce Tollens' or Fehling's re¬ 
agents. Th^ are referred to as nonreducing sugars. 

4 . HemiaceteU formation and mularotation: If a sample of glucose were 
reciystaHized from water, it would be found that a freshly prepared aqueous 
solution of this sample would have a specific rotation of -1-113'’, and upon 
standing, this value would steadily change to -f 52° and remain there. On the 
other hand, if a sample of the same glucose were recrystallized from pyridine, 
a freshly prepared aqueous solution would have a specific rotation of -|-19°, 
which would steadily increase upon standing and level off at a constant value 
of -f-52°. This changing of optical rotation with time is referred to as muta- 
rotation. The fact that the two portions of glucose when recrystallized from 
different solvents mutarotate and stop at the same position, suggests the for¬ 
mation of some equilibrium mixture. 

It was shown on page 320 that an alcohol may add to an aldehyde to yield 
a hemiacetal: 

0-*--^ OH 

II 'x I 

C X + R'OH -♦ C 

R H R I OR' 

H 

Now, sugars contain an aldehyde or keto group and several alcohol groups 
within the same molecule, and one might wonder if the answer to the muta- 
rotation of glucose lies in an intramolecular hemiacetal formation. 
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The OH from the S-caitoa atom (Ci) is used here, and evidence for ohoosing 
this carbon atom will be given presently. The hemiaeetal has a nonnal (^clic 
structure and may be drawn as such, which is called a Haworik atrudwe* 


CHiOH 


H 


HO 


/ 


c- 

'1 

—0 

H 


OH 

H 

1 

■i— 

-i' 


/ 

J 

\ 


or 


OH 


HO 


H 


H 

I 

C— 

/I 

\ / OH 
C 


OH 


-C 

r 

H 


OH 




/ 

} 

\ 


H 


H OH CH,OH 

' Haworth structures of o-D-glucose 


The various groups attached to the carbon chain are drawn up or down to 
indicate their spatial orientation. When the ring-oxygen atom is drawn in the 
upper right-hand corner of the ringi OH groups below the ring correspond to 
the right side in the vertical structure. When the ring-oxygen atom is drawn 
in the lower right-hand corner of the ring, OH groups extending upward 
would appear on the right side of the vertical structure. These Haworth 
structures more closely resemble the actual structures, but often the vertical 
structural formulas are used for convenience. It may be due to habit, but it 
seems that the relative positions of the OH groups are more quickly recog¬ 
nized from the vertical structures. 



Even more meaningful are the conformational structures which reveal the 
axial or equatorial projections of the substituents. It can be seen, for example, 
that all of the substituents are equatorial in d-n-glucose and all but the OH 
on Cl are equatorial in the a anomer. 

When the alcohol group is added to the carbonyl group in hemiaeetal forma¬ 
tion, either one of the bonds of the group may break. This will cause 
the arising OH group to swing out to the right or left (up or down in Haworth 
structures). This accounts for the crystalline glucoses having different initial 
specific rotations. A configuration in which the OH on the Ci carbon atom is on 

' W. N. Haworth, British chemist, together with P. Korrer, received the Nobel Award in 

chemistry in 1937. 
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the same side u the ring oxygen in the vertical stnicturaJ formula ia cdled a. 
The opposite configuration is called 0. The a and 5 modifications of a particu* 
Ur sugar, of the same ring size, differ in configuration only at the hemiacetal 
positions and are called anomers. In solution, the two anomers may reversibly 
form the same aldehyde, and, once the aldehyde is formed, either anomer may 


H 


\ 


HO 


/ 


// 


CH,OH 

I 

C—QH 

H II 


OH H 

.1 I, 
c—c 




\ 


H 


ii 


H OH 

Aldehyde form 



H 


CH^H 
C ——0 


\ 


HO 


/ 


H 

\ OH H y 

\l 1/ 

c—c 


\ 


H OH 

<r>D*Gluco8e 
(from H,0) 
[a] - +113' 


CH,OH 

I 

C "" * " ~0 

H H /I \ OH 

/ 

2 Hemiacetal C C 

forms / V OH H / \ 
OH HO \ I \/ H 

C—C 

i is 

jS-D-Glucose 
(from pyridine 
or acetic acid) 

[a] ~ +19* 
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0 


\ 

H(!j( 


HO H 


OH 


I 


Oi:; HOCH 

nil 


lio: 


OH 


?H<OH 

opD-Olucoee 


HCOH 

I 

CHiOH 

D^lucoie 


HCOH 

I 

HOCH 

hAoh 

HC- 


0 


CHrOH 

/)-D-Gluco§e 
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be formed from the aldehyde. Hence; when eithw anomer is placed in solution, 
a portion changes to the aldehyde, which may then form some of the other 
anomer. This reversible reaction continues until the equilibrium mixture re¬ 
sults. The same equilibrium mixture is obtained by starting with either 
anomer. The amount of the sugar in the aldehyde form in the equilibrium 
mixture is very small, usually five per cent or less. However, since there is an 
equilibrium, any reaction which uses up the aldehyde form causes the equilib¬ 
rium to shift to yield more aldehyde, and thereby, the entire material may 
react as if it were all present as an aldehyde. For example, phenylosazones 
are formed by reactions of the carbonyl form of sugars, and all of the sugar 
present reacts as if it had this structure only. On the other hand, acetal forma¬ 
tion (next reaction) is with the hemiacetal form, and all of the sugar present 
reacts as if it had this structure only. 

This hemiacetal formation and mutarotation occurs with virtually all ke¬ 
toses and aldoses whose carbonyl groups are not tied up in another way (as 
shown in reaction 5). For example, one can write for fructose: 


CH*OH 
OH 


HOCH 

I 

HCOII 0 

HCOH 

I 

CH,— 


at-r)-Friiclo»t‘ 


CHiOH 

I 

c=o 

I 

HOCH 

I 

HCOH 

I 

HCOH 

I 

CH,OH 

D-Fructose 


CH2OH 

I 

HO—C- 


HOCH 0 

I 

HCOH 

I 

HCOH 

CHi— 

i3-i)-FrurtOwS(; 


As a general rule, monosaccharides give hemiacetals involving six-membered 
rings, called pyranose rings, A sugar having a five-membered ring is called a 
furanose. These are usually unstable and tend to isomerize to the pyranose. 
In reaction 11 it is shown how the size of the ring may be determined. 

Glyceraldehyde has one asymmetric carbon atom and, therefore, may exist 
in two forms, a dextro and a leva form. 

CHO CHO 




D-GIyccraldehyde uGlyceraldehyde 

Just which is the structure of the dextro isomer could not be shown fifty years 
ago, and Emil Fischer arbitrarily chose the dextro isomer to be the one with the 
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OH written on l^e right when the H and OH extend forward towud the 
obaenrer. As mentioned previously, not until about ten years ago was it 
possible to determine the absolute stereo structure of optical isomers (ef. page 
454), and it was found that, indeed, the model Fischer chose for the 
D-glyceraldebyde is really that of the dextrorotatory isomer. NeverthelesB, 
Fischer’s suggestion, later modified by Roaanoff and translated into ring 
structures by Haworth, was accepted generally, and all sugars having the 
OH group on the right of the carbon above the primary alcohol group are 
conventionally designated as n isomers, irrespective of whether they are 
dextrorotatory or levorotatory. 


CHO 

I 

(CHOH)„ 

1 

H-€—OH 

I 

CHjOH 

D-Aldoses 


CHtOH 

i-=o 

I 

(CHOH), 

I 

H—C—OH 

1 

CHiOH 

D-Ketoses 


Hence, glucose is designated n-glucose. The natural isomer is actually dextro¬ 
rotatory. Fructose, too, is designated o, but the natural isomer happens to be 
levorotatory. This is indicated by placing a minus sign in parentheses, such as 
d( — )-fructose. Similarly, the acid obtained from the oxidation of D(-i- )-glycer- 
aldehyde is levorotatory and called d(— )-glyceric acid. 


CHO COOH 



5. Acetal formation: The hemiacetal form of sugars may be converted into 
full acetals by treatment with an alcohol and hydrogen chloride. 

H OH H OR 


\ / 

C-1 

(CHOH), O-I-ROH 


HO 


HCl 


i: 


HtOH 




(inoH), 
Hi— 


6 + HOH 


i: 


HiOH 

Aaaoetai 



CAttOHYDRAIK 


541 


Hie reaction is more conveniently catai}rzed by using an ion exchange resin 
in its acid form. The product is an acetal—a compound having two OR groups 
attached to a single carbon atom—although, in this case, one R group is also 
joined to the acetal carbon atom through a carbon chain. These acetals are re¬ 
garded as alkyl oside derivatives of the respective sugars, and their names are 
based on those of the alkyl group and the sugar. Hence, for R => methyl, and 
with glucose, the acetal is called methyl glucoside. 


H OCH, 

\ / 


C-1 

HCOH 

I 

HOCH 0 

I 

HCOH 

I 

HC-1 

I 

CHjOH 


o-Methyl-D-glucoside 


CHjOH 

I 

C,H,0-C-1 

I 

HOCH 

HCOH 0 

I 

HCOH 

I 

CH*-1 


^-Ethyl-i>-fructoBide 


Alkyl groups cannot migrate back and forth between the oxygens on the Ci 
and Ct carbon atoms as the hydrogen atom does with the sugars. Therefore, 
the acetal does not contain a potential carbonyl group. Accordingly, it does 
not reduce Tollens’ or Fehling’s reagents or form a phenylosazone. The acetals 
are readily hydrolyzed in dilute acid. And the products, of course, will then 
reduce Tollens' and Fehling’s reagents ; 



H«0^ 


HiOH 



6, PolytUkylation and polyacylation: Alkylation with alcoholic hydrogen 
chloride alkylates only the Ci hydroxyl group. The remaining OH groups 
may be alkylated upon treatment with alkyl sulfate in aqueous alkali or 
silver oxide plus methyl iodide in dimethylfonnamide. In most instances the 
R will be methyl or ethyl, because the nmjor use of this step is to replace tlie 
active hydroxylie hydrogen atoms by some alkyl group without regard to 
which simple ^kyl group is used. Howevw, all of the C-^R bonds are ether 
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H OH 


i: 


HjOH 


H OR 

\ / 

C- 


(CHOH), 0 

I 1 

HC-1 


(SO)iBOi 

-► 

OH“ 


I 

(CHOR), 

( 

HC- 


CHjOR 


linkages, except those at the Cj atom, the latter being an acetal structure. 
It will be recalled that acetals hydrolyze quickly in dilute acid, but ethers 
hydrolyze slowly and only in concentrated acids. Hence, it is easy to remove 
selectively the top alkyl group. 


H OCH, 


I 

HCOCH, 

CH,OCH 

I 

HCOCH, 

I 

Hr- 


H OH 

\ / 

C- 


HCOCH, 


dil. 11,0^ 


♦ CHjOCH 


I 


HCOCH, 

I 

HP- 


6 + CHiOH 


CHtOCH, 

Tetramethyl-or-mRthylglucoaide 


CHiOCH, 

Tetnune thy Iglucoae 


The tetramethylglucose may isomerize to the aldehyde form and mutarotate. 
It will also reduce Tollens’ and P'shling’s reagents. 

Hydroxylic hydrogen atoms may also be replaced by acyl groups in the 
usual manner through the use of acid chlorides or acid anhydrides. As with the 
acetals, a and |9 acetates may be obtained. For example, glucose gives rise to 
two pentaacetatcB (page 543). This is another example of kinetic control vs. 
thermodynamic control of reactions. With an acid catalyst, the a and 0 
anomeric acetates equilibrate, and the more stable a form is the major 
product. In a basic medium the esters do not equilibrate, so that the faster- 
forming 0 isomer predominates in the product mixture. 

On some occasions, the polyacyl products may serve as derivatives, but 
sometimes the reaction product is a mixture, and therefore is unsuitabla 
A good derivative is a combination acetyl-trityl sugar product. Triphenyl- 
methyl bromide, (CeHi)iC—Br, commonly called trityl bromide, reacts with 
primary alcohols in preference to secondary alcohols. The sugar may be 
tiitylated in pyridine solution, then aoetylated in the same solution. 
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H OAc 



a-D-Glucose 
pentaacetate 
m-p. 110"-111® 


0-D-GlucO8e 
pentaacetate 
m.p. 13 r- 132 " 
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CH,OAc 


H OH 


H 


OH 


H OAc 

\ / 


(CHOH)a 0 

I 


HC- 


1 V-1 

c- 1 

0 (CHOH), C 

) (CHOAc), 0 

I pyridine i i 

pyridine | i 

-I HC-1 

HC-1 


CH 2 OH 


I 

CH,OC(C,Hi)a 


I 

CH*OC(CJl.), 


D-glucose 
M.p. GO'-lOO*’ 


Tetraacetyl'6- 
tritylglucoae 
M.p. 159 “ 


The trityl sugars often are not sharp-melting, but the acetylation products are. 
Trityl ethers hydrolyze very easily in acid media, so the 6-trityl group may 
be hydrolyzed off selectively (page 544). 

It can be seen then, that it is possible to alkylate (1) only the Ci—OH 
KTOup, (2) all but the Ci—OH group, (3) only the primary OH group, or 
(4) all OH groups. Alsu, one may acylate all OH groups, or all but the primary 
alcohol group. 
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H OAc 

\ / 

C- 


dtt. O.U 


♦ (CHOAc), 0 

Hi_ 


CH,OC(C.H,), 


CHiOH 

l,2,3,4-T«trauetylKlucoM 


7 . Chain degradation and chain lengthening: The carbon chain of monosac¬ 
charides may be shortened or lengthened by one carbon atom at a time. The 
carbon chain may be increased by several methods involving the use of HCN, 
nitromethane, diazomethane, or Grignard reagents. One of the early-developed 
and long-used methods is that of Kiliani, called Kiliani's cyanohydrin syn- 
them. It uses HCN to form a cyanohydrin, and the CN group is converted 
into a formyl group through a series of reactions. A simpler method is one 
that uses nitromethane: 






CH,NO, 

I 

HCOH 


CHO 




OH 


(CHOH)» -t-TcH,NO; 
Ah,OH 


,£5; (CHOH),-^^^ (CHOH),-I- 


I 

CHjOH 


CHsOH 


This is really an application of the Nef reaction given on page 431. 

Several methods have been used for the degradation of sugars. A simple 
one is that of Ruff: 


CHO 

1 

COOH 

1 


CHO 

CHOH 

CHOH 


1 


ealG&um 

mU 

(CHOH), 

1 

iniOH 

CHiOH 

HiOi-F«6o/ 

CHiOH 


COi -h H|0 


The ferrous sulfate-hydrogen peroxide mixture is known as Fenton's reagent. 

8. Aldose to ketose to aldose: Aldoses and ketoses are interconvertible through 
a sequence of reactions. To transform an aldose to a ketose, one makes use 
of tite phenylosasone: 
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H-C-0 

H-C-N-NHOH, 

^ i-N-NHC.H. 

HiN-NHCiHi 1 HrO* 

H-C-O 

1 

CH4)H 

0 

1 

1 

CHOH 

1 

C-0 

1 Zn. AeOH 

(CHOH). 

-► (CHOH). —> 

1 ^ 

(CHOH).-► 

(CHOH), 

CHiOH 

CH,OH 


Ah,OH 

An aldose 

A phenyloHHZone 

All OHono 

A ketone 


In glacial acetic acid, zinc reduces the aldehyde group in preference to the 
ketone group. 

The transformation of a ketose to an aldose is a longer process: 


O 


/ 


CHjOH 

CHiOH 

COOH 

C 

1 

c=o 

1 

CHOH 

1 

1 

CHOH 

1 

CJHOH 

(CHOH),— 

(CHOH),— 

(CHOH), 

CHOH 

A 1 

CH,OH 

1 

CH 2 OH 

1 

(^HjOH 

HC 


I 

I II III / CHOH 

/ I 

/ CHjOH 

/ A Y-l&ctone 

/ IV 

CHO 

inoH 

(Ahoh), 

I 

CHjOH 

V 

Either primary alcohol group of II may be oxidized, giving rise to two dif¬ 
ferent acids, and they have to be separated by fractional crystallization. 
When the hydroxy acid III is heated in an acid medium, it undergoes lactone 
formation, and generally the OH from the y-carbon atom is involved. Upon 
reduction of the lactone in dilute mineral acid, the corresponding aldose V is 
produced. Failure to use an acid medium here carries the reduction down to 
the alcohol II. 

9. Epimerizalion: Epimers are sugars which differ only in the orientation of 
the OH group at the a-carbon atom. Hence, glucose and mannose are epimers. 
Epimers are just a special class of isomers. The process of going from one 
spimer to mmther is called epimerhdion. 
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H—C=0 COOH COOH 

I I 1 

H-C—OH H—C—oh pyridi« HO-C—H 

(inOH),^ ^ (CHOH),'^ (CHOH), 


CH^H 


CH,OH 

A 


CH,OH 

B 


When the hydroxy acids A or B are heated in pyridine, an equilibrium mixture 
of the two is produced. They are separated by fractional crystallization, and 
the desired isomer, in this case B, is converted to a lactone and reduced with 
sodium amalgam to the aldose, as was done in the preceding reaction. 

In the last three reactions it has been shown how to decrease or increase a 
sugar carbon chain, how to isomerize the a-OH group, and how to interconvert 
aldoses and ketoses. Note that in order to increase or decrease the carbon chain 
of a ketose, it must first be transformed to an aldose, the chain lengthened 
or ^ortened, then the resulting aldose changed to the ketose. 


10. Action of alkali on aldoses: Aqueous alkali produces two types of reac¬ 
tions with aldoses, depending upon the alkalinity of solution. Dilute alkali at 
room temperature catalyzes a slow isomerization, known as the Lobry de Bruyn 


Glucose 


CHO 

I 

HOCH 

Hoin 

I 

HCOH 

HCOH 

i 

CH,OH 

Mannoae 


CHO 

I 

HCOH 

I 

HOCH 

I 

HCOH 

I 

HCOH 

I 

CHjOH 


H 


tautomeritttioQ 

OH 


\ / 

C 

II 

c 

/ \ 

HOCH OH 


tAuioineri* i 

HCOH 


tAutomert- 

■BtlOll 


HCOH 

I 

CH^>H 

An enediol 


CH,OH 
C—O 

I 

HOCH 

HCOH 

I 

HCOH 

<!;HiOH 

Fmotoee 
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and van Ekenstein iran^mnaHon alter its diacoverers. For example, if glucose 
is allowed to stand for several days with dUlute calcium hydroxide, there results 
a mixture of glucose, nuumose, ami the corr^ponding ketose, fructose. The 
reaction is reversible, and a mixture of the three sugars is produced, starting 
with any one of the three. Concentrated alkali brings about a degradation 
of monosaccharides, producing formaldehyde, hydroxyacetaldehyde, and a 
mixture of degraded sugars. Furthermore, some isomerization may occur and 
also the aldehydes may undergo condensations. Consequently, many products 
are formed, and the exact course of the reaction is too complex for description 
here. 

II. King-size determination: Up to here, use has been made of the general 
rule that hemiacetal forms of sugars involve the 6 -OH group and sugar lactones 
involve 7 -OH groups. These rules can be confirmed as follows. The sugar is 
completely alkylated; then the oside alkyl group is hydrolyzed off to give a 
tetraalkyl hexose. The latter is then oxidized with nitric acid. 


H 


OR 
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CHtOH 


H 


OR 


C- 

I 

(CH0H)3 0 


HC- 
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(KOli.'lOi 
OH ■ 


\ 


c- 


CH20R 


COOH 
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CHOR 

I 

CHOR 

I 

CHOR 

I 

COOH 


H OH 

\ ./ 

C- 


UNO, 


(CHOR), 0 

I I " 

HC-1 


(CHOR), 

I 

HC- 


CHjOR 

i 

CHO 

I 

CHOR 

I 

CHOR 

I 

CHOR 

1 

CHOH 


CHjOR 
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The product is a five-carbon chain dicarboxylic acid, which fact has to be 
verified by a structure determination. In the oxidation, the aldehyde and 
secondary alcohol groups suffer oxidation, but the ether carbon atoms are 
unaffected. This is to be expected, since ethers and saturated hydrocarbons 
are usually resistant to oxidation. The recovery of a five-carbon chain di¬ 
carboxylic acid (in addition to some four-carbon acid) indicates that the 
C, carbon atom of the tetraalkyl hexose was unprotected from oxidation. 
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This was so bacause, during the tdkylation process, it was tied up by ring 
formation. In thb way, then, one may find out which OH is involved in ring 
formation in the hemiacetal form of a sugar. 

IS. Hydroxyl group orienlaiions: Another structural feature of monosaccha¬ 
rides to be determined is the orientation of OH groups along the carbon chain. 
This can be done on the basis of an empirical rule developed by C. S. Hudson. 
By studying various sugars, Hudson found that if the y-OH group of a sugar 
is on the left when the sugar is oxidized to its respective acid and converted 
to the y-lactone, the lactone will be levorotatory. If the y-OH of the sugar 
is on the right side of the chain, the corresponding lactone will be dextro¬ 
rotatory. Hence, glucose gives a dextrorotatory lactone and galactose gives a 
levorotatory lactone. 

To determine the orientation of the other OH groups, the carbon chain is 
lengthened or shortened by one carbon at a time, and then the respective 
lactones are produced. For illustration, if glucose is converted to a heptose, the 
y-OH group of the heptose is the former 0 -OH group of glucose. Determina¬ 
tion of the orientation of the y-OH group in the heptose, then, reveals the 
orientation of the former j9-0H group of glucose. 


CHO 

1 

CHO CHOH 

I I 

CHO H—C—OH H—C-OH 

I I I 

HO-C—H 4-HO—C-H -»H0—C—H 

I I I 

H—C—OH H—C—OH H—C—OH 

I I I 

H—C—OH H-C—OH H-C—OH 

I I J, 

CHjOH CHzOH CHjOH 

A pentose Glur.oee A heptose 


CHO 
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HOH 


HO 


CHOH 

I 

H—C-OH 

i—I 


-H 


H—C-OH 

I 

H-C-OH 

intOH 

An octose 


Upon conversbn of the heptose to an octose, the former a-OH group of glucose 
becomes the y-OH group of the octose. Its orientation may be ascertained 
in the same fashion; hence, the orientations of the OH groups about the Ci, 
C), and G 4 carbon atoms of glucose have been determined. To learn the 
orientation about the Ct atom, one degrades the glucose by one carbon atom. 
Now', the y-carbon atom of the pentose is the former i-carbon atom of glucose. 
Upon determining the orientation of the y-OH of the pentose, one learns the 
orientation of the ^OH group of glucose. 

In 1808 van't Hoff proposed a method of determining the contribution of 
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specific carbon atoms to the total optical activity of a sugar. For illustration, 
take two anomers; 


H OR 


- a 


1 

(CHOH)j O') 

I' I 

HC-1 

CHiOH 

An a-hoxoHide 
[a] -R 


—a 



CH,OH 


A ^-hexooide 

W - s 


The structures below the Ci atoms are identical, and therefore make the same 
contribution to the measured optical activities, R and S. The structures about 
the Cl atoms are mirror images of one another, and have equal but opposite 
effects upon the total optical activities. The observed optical activity R of 
one isomer is equal to the sum of the contributions a and b, while S is equal 
to (—0 + b). 


R = a h S = —a + b 

Remember that R and 8 are experimentally determined quantities. The values 
R and 8 may be added, and when substitutions are made, the sum is found to 
equal 2b algebraically. 

R -|" S = (a -|- 6) (—o "b h) = 26. 

The difference is 2a or — 2o, depending upon which is subtracted from the 
other. 


R — 8 “ (fl -|- 6) — (—o "b 6) = 2<i 


8 — R = (—o + 6) — (a + 6) = —2o 

All that is sought is the magnitude, so that a knowledge of 2a or —2a will 
serve. Half the sum of R and 8 gives the contribution of the body of the sugar 
to its total optical activity, and half the difference gives the contribution of 
the Cl atom. For example, the optical rotations of the methyl-D-glucosides 
and the methyl-n-fructosides are as follows: 


Methyl a-o-glucoside 
Methyl /9-D-glucoside 
Methyl a-D-fructoside 
Methyl /T-D-fructoside 


[aln TMId 
+ 157.9® +30,600 

-32.5® -6,300 

+93® +18,100 

-47® -9,130 


The sum of the molecular rotations of the methyl glucosides divided by ttvice 
the molecular weight of methyl glucoside gives the contribution of the body 
of the sugar towaiM the observed specific rotations. 



550 


TEXTBOOK OF ORGANIC CHEMISTRY 


+30,600 

- 6.300 ± 24 ^, ,62 7 » 

+24,300 2 X 194 ^ 

The effect of the Ci carbons on the observed specihc rotations is obtained from 
the difference of molecular rotations. 


+30,600 

-(-6,300) +36,900 ^ 

+36,900 2 X 194 ‘ 

Similar computations for a- and /3-t)>glucose would show the contributions of 
the Cl carbon atoms in these sugars. Such comparisons of a-n-glucose with 
a-i>-mannose, and of a-o-glucose with a-D-galactose w'ill give the contributions 
of the Cj and C 4 atoms, respectively. 

13. Glycosides: Many acetals, comparable to the methyl glucosides, are 
found in nature, being derived from combinations of various hydroxy com¬ 
pounds with various sugars. As a class, these compounds are called glycosides. 
They may be hydrolyzed by mineral acids or enzymes. Fischer first noted 
that an enzyme, maltase, will hydrolyze only a-glucosides, and a different 
enzyme, emulsin, will hydrolyze only jS-glucosides. Since then, this specificity 
of these two enzymes has been found to be generally true and is frequently 
used as a method of determining the a- or id-configurations of glycoside 
linkages. 


23.3 DISACCHARIDES 

When the acetal group of a glycoside is a monosaccharide sugar, the glyco¬ 
side is a disaccharide. Three common glycosides of this type will be discussed 
to illustrate the general properties of disaccharides. 

a. Sucrose. Sucrose is the common table sugar obtained from sugar cane. 
It has an empirical formula CuHjjOn- It does not form a phenylosazone or 
exhibit carbonyl properties. Upon hydrolysis in dilute acid, it yields glucose 
plus fructose. 


HiO'*' 

CuHaOn + HjO -► C,H,jO, + Ca„0, 

Sucrose Glucose Fructose 

The structure of sucrose is easily deduced from a few facts. (1) Hydrolysis of 
sucrose yields glucose and fructose. Hence, the basic sugar units are known 
and one merely needs to find how the sugar units are joined. (2) Sucrose is a 
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uonreducing sugar. Hence, there are no potential carbonyl groups, and the 
two sugar units must be linked together at the oside carbon atoms. 


(——i 0 



(3) Complete methylatioii of sucrose, followed by mild hydrolysis, yields 
2,3,4,t)-tetraraethylgluco8e and 1,3,4,6-tetramethylfructose. 


H OH 

\ / 

C- 

HCOCH, 
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CH,OCH 0 

HCOCH, i 

I 

HC-i 

1 

CHtOCH, 

2,3,4,6-Tetramethylgluoofle 


CH,OCH, 

I 

HO-C-1 

I I 

CHjOCH ! 

I 0 

HCOCH, 

I 

HC-- 

I 

I 

CH,OCH, 

l,.1,4,6-Tetramethylfructo8e 


Only the acetal bonds have been hydrolyzed. From the positions of the meth- 
oxyl groups, it can be seen that the glucose portion of sucrose has its regular 
pyranose structure, but the fructose portion has a furanose structure. In 
sucrose then, the fructose OH group involved in ring formation is on the C, 
atom, whereas in fructose itself, the OH is on the C, atom. Therefore, the com¬ 
plete structure of sucrose is as follows: 



Vertical structure Haworth structure* 

Sucrose 

• When the oxygen atom is drawn at the top of the furanose ring, OH groups drawn down¬ 
ward correspond to those on the left aide of the vertical structure. 
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Since the cartwn-attached group on the Ci atom of gluooee is fructose, 
Bucroae may be called fructosyl gluooside. On the other hand, the group 
attached to the oside carbon of fructose (i.e., the oxygen atom of the bridge 
may be regarded as the oside oxygen of either sugar unit) is glucose; therefore, 
sucrose may also be called glucosyl fructoside. Furthermore, to indicate the 
ring size in the two sugar unite, sucrose is more appropriately named a-n-glu- 
copyranosyl-^D-fructofuranoside or /3>i>-fructofuranosyl*a-D-gluoopyrano8ide. 

Sucrose is dextrorotatory, whereas a solution of its hydrolysis products is 
levorotatory. Because of this change in direction of rotatory effect, the hy¬ 
drolysis mixture from sucrose is called invert sugar. o-Glucose is dextro¬ 
rotatory ([a] = -|-52“) to a smaller degree than d{ —)-fructose is levorotatory 
([“] *= ~92®); hence an equal molar mixture of the two is levorotatory. 

Sucrose is consumed in the United States in a greater amount than any 
other pure organic compound. Invert sugar is used in candy because it is 
sweeter than sucrose and chiefly because the mixture has less tendency to 
crystallize. In addition to its use as a food sweetening agent, sucrose is used 
to flavor medicines and as an antioxidant in many commodities. 

b. Lactose. Lactose, which is found in milk, has the same empirical for¬ 
mula as sucrose. It is used in baby foods and in pharmaceutical preparations. 
Its structure can be determined on the basis of the following facts; (1) Hydrol¬ 
ysis of lactose gives glucose and galactose. 

C„HaO„ -f H,0 ^ C,HaO, -b C,HuO, 

Lactose Glucose Galactose 

(2) I^actose is a reducing sugar and forms a phenylosazone. Therefore, at 
least one potential carbonyl group is present, and also its a-OH group is free 
to form the osazone structure. One knows also that both carbonyl groups 
cannot be present because then the sugar units would have to be joined 
through an ordinary C—0—C bond. This is a typical ether structure which 
is not hydrolyzed in dilute acid. Since lactose is hydrolyzed in dilute acid, an 
acetal linkage rather than an ether linkage must be cleaved in the hydrolysis, 
Thus, the oside OH group of one sugar and a lower OH group in the chain 
of the other sugar unit are involved in bridging the two sugar units. (3) Hy¬ 
drolysis of lactose phenylosazone yields glucose phenylosazone. Since phenyl- 
osazones are hydrolyzed with more difficulty than acetals, the osazone of 
lactose may bo mildly hydrolyzed to cleave only the acetal linkage between 
sugar units. Then, whichever sugar unit was involved in osazone formation 
in lactose still has an osazone structure in the monosaccharide. Inasmuch as 
this turns out to be glucose phenylosazone, this much is known about the 
structure of lactose; 
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H OH H 



(4) Complete methylation of lactose and subsequent mild hydrolysis yields 
2,3,6-trimethylglucose and 2,:3,4,(}-tetramethylgalactose. This means that the 
ring structure of the galactose portion of lactose has the pyranose structure, and 
that the OH of the glucose portion involved in the bridge between sugar units 
is the 7 -OH . At least it must either be the 7 - or the i-OH, and on the assumption 
that the 5-OH is involved in the ring structure, the 7 -OH must be involved 
in the intersugar acetal linkage. Therefore, lactose has the following structure: 



Lactose (or-D-glucopyranoByl-^-D-galactopyranoaide) 


c. Maltose. Maltose is a disaccharide obtained in the partial hydrolysis 
of starch. It has an empirical formula CuHnOn, is a reducing sugar, and pro¬ 
duces two moles of glucose upon hydrolysis in dilute acid. It forms a phenyl- 
osazone and, upon complete methylation followed by hydrolysis in dilute 
Mid, 2,3,6-trimethylglucose and 2,3,4,6-tetramethylglucose are recovered. 
Maltose is hydrolyzed by maltase but not by emulsin; hence, it contains an 
a'glucoside link. By the same reasoning as w'as used for lactose above, the 
structure of maltose must be as follows: 



Maltose 

(o-o-glucopyranosyl-a-D-glucopyranoside} 
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23.4 FaYSACCHARIDES 

ft. Starch. Starch is a polysaccharide found in all plants, especially com, 
barley, potatoes, and cereal grains. It is present as small granules and, when 
heated with water, a colloidal solution is formed, in which a portion of the 
starch is in solution. The water-soluble fraction is called amylose, has a 
molecular weight in the range 50,000 to 200,000, and gives a blue color with 
iodine. The water-insoluble fraction, called amylopectin, amounts to 80 to 90 
per cent of the starch granules, has a molecular weight in the range 70,000 to 
1,000,000, and gives a red color with iodine. Both fractions have the empirical 
formula (CsHioOsln. Upon acid hydrolysis, amylose and amylopectin yield 
glucose. Since starch does not exhibit carbonyl properties, the potential car¬ 
bonyl groups must be tied up in joining the sugar units. 



When starch is hydrolyzed in the cell by enzymes, it is broken into smaller 
molecular fragments called dexirins, until it gets down to the dimer, maltose. 
Amylopectin differs fiom amylose not only in molecular weight, but also in 
the fact that all the glucose units arc joined 1,4 in amylose (shown above), 
whereas amylopectin has some 1,6 linkages as well as 1,4 linkages. In other 
words, some of the intersugar bridges are between the Ci atom of one sugar 
unit and the C« atom of the next sugar unit. In both fractions, the glucose 
units have the a configuration. 

In a national emergency such as a war, it is impossible to collect and prepare 
enough blood plasma to treat those suffering from shock, bums, or other 
injuries. Fortunately, blood plasma substitutes have been found, the two 
most successful being polyvinylpyrrolidone (PVP) and dextran. PVP, a poly¬ 
mer of vinylpyrrolidone, was preferred by the British; dextran was preferred 
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be used in the form of cotton. Having three OH groups per sugar unit, cellulose 
is a polyhydric substance in which at least one of the OH groups is more 
acidic than in a normal alcohol. Cellulose may be esterihed with nitric acid 
in the usual manner of making nitrate esters to yield a “dinitrate” and a “tri¬ 
nitrate." The dinitrate has an average of two OH groups esterihed per sugar 
unit, and the trinitrate has essentially all OH groups nitrated. 

Cellulose dinitrate, called pyroxylin, is insoluble in ether and in alcohol, but 
when these two solvents are mixed in equal volumes, the solution will dissolve 
cellulose dinitrate. The resulting solution, called collodion, is sold at the drug¬ 
store. Nicknamed “new skin,” it can be used for forming a protective him 
over skin abrasions and cuts. When spread on the wound, the solvent quickly 
evaporates to leave a colorless, transparent him. It is very flammable, so 
its use as a cement has been replacinl by solutions of other polymers. Solu¬ 
tions of pyroxylin in esters and ketones are used as lacquers. Upon heating 
collodion with ceunphor, a gelatin is produced that thickens to a plastic 
material called celluloid. This was the hrst commercial plastic material. It 
darkened with age, burned with a very offensive odor, and was far inferior 
to present products. Cellulose trinitrate, gun colUm, is used as a propellant. 

Cellulose may be acetylated to a diacetate and a triacetate by treatment 
with acetic anhydride in the presence of sulfuric acid catalyst. Called Celanese 
by some companies, cellulose acetate is dissolved in acetone, and the solution 
is used as a cement or a seal in constructing model airplanes. 

Cellulose acetate is dissolved in methylene chloride-alcohol solvents and 
then poured on large, heated rollers. The solvent quickly evaporates, leaving 
a film, which is continually rolled off, pressed between more rollers to remove 
the last traces of solvent and air bubbles, and cut into sheets of varying sizes. 
This is used for photographic film and safety glass.* It is much less flammable 
and has a greater tensile strength than collodion films. 

When cellulose acetate solutions are forced out of a tube called a spinneret, 
which is a tube closed at the end except for tiny orifices, the solvent rapidly 
evaporates to leave fine filaments. These are continuously pulled and stretched 
to prevent curling up, and the fibers are called acetcUe rayon. Acetate rayon 
has certain advantages over cotton for textiles, such as greater tensile strength 
and gloss. Many cigarette filters are made out of cellulose acetate in the form 
of a ropelike material with thousands of tiny parallel filaments. 

Sodium hydroxide solutions of cellulose react with CSi to form xanthates. 

S SNa 

\ / 

C + RO—-Na S"'*C—OR 

Azuthste 

R « oelluloM midue 

* Onfi type of safety glass is manufactured by pressing taro plates of glass together with 
a sheet of cdlulose acetate between them. This prevents the glass from flying about when 
shattered. 
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The aJkali solution of xanthate is a viscous, colloidal solution called viacou. 
When viscose is treated with acid, it decomposes to regenerate the cellulose. 
If this viscose is forced through a spinneret into an acid solution, cellulose 
fibers are formed. This is called raym and is used for producing a textile 
offering some advantages over ordinary cotton. Note that its chemical com¬ 
position, however, is still that of cellulose. It merely has different physical 
properties. When the viscose is extruded on to rollers in an acid medium, 
films are deposited, called cellophane. Cellophane is used as packaging material. 

Cellulose may also be reacted with ethyl chloride to form ether groups out 
of the OH groups. The product, ethyl cellulose, is used for making plastics, 
which are discussed in Chapter 26. 

The following chart summarizes the several uses of cellulose. 


Wood 


Cotton 



1 . Solution in EtjO + 
EtOH called collo¬ 
dion 

2 . Solution in esters 
and ketones used as 
lacquers 

3. Formerly gelatinized 
with camphor to pro¬ 
duce Celluloid 

CELLULOSE TRINITRATE 
Used fur gun cotton. 


1 . Solution in acetone 
used as a cement 

2. Spinneret for ace¬ 
tate rayon and cig¬ 
arette filters 

3. Roll out on warm 
rollers for safety film 
and safety glass 


1 . Spinneret in acid for 

rayon 

2 . Pour on rollers in 
acid for cellophane 


STUDY EXERCISES 


1. Show the series of reactions one would use (a) to form glucose phenylosazone, 
(b) to convert glucose into fructose, (c) to convert fructose into glucose, (d) to change 
gtucose into mannose, (e) to convert an aldohexose into an aldopentose, (f) to trans¬ 
form an aldohexose into an aldofaeptose, (g) to prepare methyl fructoside from fruc¬ 
tose, (h) to prepare 2,3,4,6-tetramethylgalactose. 

2 . How can one verify the pyranose structure of aldoses? 

3. Explain how one could distinguish by qualitative test-tube experiments (a) 
sucrose from lactose and (b) cellulose from amylopectin? 
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4. Explain clearly what is meant by the terms (a) mutarotatioD, (b) Molisch teat, 
(c) epimeriaation, (d) anomers. 

5. What are the contributions of the Ci carbons to the observed specific rotations 
of methyl fructosidea? (See data on page 549.) 

6 . Name five commercial products manufactured from cellulose. 

7. Of what significance is the fact that a certain hexose gives a dextrorotatory 
carboxylic acid lactone? 

8 . What chemical reactions prove the presence of OH groups in cellulose? 

9. When two aldoses form the same phenylosazone, what is known about the rela¬ 
tionship of their structures? Can one aldose be converted into the other? 

10 . Can a nonreducing disaccharide display mutarotation? Why, or why not? 

11. How could one prepart! ethyl alcohol from glucose? 

12. Give the structural formula of cellobiosc. 

TEST QUESTIONS, Set 21 

h How many active and mesomeric isomers are there with the formula (a) 
H00C-(CH0H)5 CH^HI; (b) HOCH|- (CHOH)^- CH^OH; (c) HOjC-CCHOH); 
--^OOH? 

2 . How many OH groups are there in a compound whose molecular weight is 122, 
if 1.22 g of it are acetylated and 40 ml of l.O iV NaOH are required to neutralize the 
liberated acid? 

3. A 1.32-g sample of a mixture containing 60% galactose and 40% sucrose would 
precipitate what weight of phenyloenzone? 

4. Write the structure of (a) ethyl-a-n-glucopyranoside, (b) methyl tetramethyl- 
cr-n-glucopyranoside, (c) ethyl tetramethyl-jS-n-glucofuranoside, (d) 6-trityl-/J-i>- 
mannopyranose. 

5. What minimum weight of phenyihydrazine would be required to convert the 
hydrolysis products from 17.1 g of sucrose into osazone? 

6 . A nonreducing disaccharide, CnH220n, gives mannose and galactose upon hy¬ 
drolysis. What are three [X)Bsible structures for the disaccharide if it is assumed that 
both sugar units have a pyranose form? 

7. A certain methyl hexoside can be obtained in two forms whose specific rotations 
are +16® and +89°, The hemiacetal form of the hexose can be obtained in an a and 0 
anomer too, the a form having a specific rotation of 72®. What will be the specific rota¬ 
tion of the 0 form? 

8 . From the specific rotations of at- and jS-D-glucose, calculate the contribution of 
the body of the sugars to the observed rotations. How does this compare with the 
value obtained from the data on the methyl glucosides? 

9. The specific rotation of a-maltose is +168®, and it is +118® for ^maltose. 
Wliat is the contribution of the hemiacetal carbon atom to the observed specific rota¬ 
tion? 

10 . Explain the fact that aldoses reduce Tollens’ and Fehling’s reagents but do not 
restore the color of Schiff's reagent. 

11 . If one tried to make an ethyl acetal of glucose, why is it that only one ethyl 
group could be introduced? 

12 . When a-n-mannose, [cic]d = +29.3®, is dissolved in water, the optical rotation 
decreases as ^D-mannose is formed until at equilibrium [a]* * 14.2®. When /J-D- 
mannose, [o]d « -17.0®, is dissolved in water, mutarotation cxxsurs until [a]? 
» 14.2®. From these data, what is the percentage of the 0 form in the equilibrium 
mixture? 



24 


Heterocyclic Compounds 
and Alkaloids 


Again, time permits only a cursory discussion of an important topic in 
organic chemistry. According to the classihcation of organic compounds given 
in Section 1.3, heterocyclic compounds arc those in which there is at least one 
ring containing one or more atoms other than carbon. We have already 
encountered some heterocyclic compounds, such as the lactones, lactams, 
hemiacetal, and acetal forms of sugars, phthalimide, and saccharin. However, 
the rings in these compounds arc easily opened and closed by reversible reac¬ 
tions. They therefore have many of the same general properties as the respec¬ 
tive open-chain compounds. On the other hand, there are some heterocyclic 
rings which resist opening, and remain intact through vigorous reactions, as 
do the benzene and cyclohexane rings. Normally, then, reference is made to 
this type of ring when the term heterocyclic compound is used. The ring may 
or may not have aromatic character. Many types of heterocyclic rings contain 
more than one hetero atom, e.g., dioxane. 


24.1 FIVE-MEMBERED HETEROCYCLIC RINGS 


The most common of the five-atom heterocyclic rings are those of furan, 
thiophene, and pyrrole; each has some aromatic character as a result of 
resonance. 




\ 

0 


ReBonanoe 

energy Furan 

(koal/mole) 17 


HC-CH 

II II 

HC CH 


\ / 


N 

I 

H 


Pyrrole 

21 




\/ 


s 


Thiophene 
• 30 
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HC--CH HC-CH HC-CH HC=CH HC==CH 

II II 1! J, I Ji I I L I 

HC CH, HC CH, HC CH, HC -CH, H(> CH 

\ / \+/ \+/ \^/ 

0 0 0 0 0 

Resonance forms of furan 

AiiBlf>gous forms may be written for the thiophene and pyrrole rings. The 
aromatic character of these compounds is shown by the fact that they do 
not exhibit the typical olefinic properties of addition, polymerization, and 
easy oxidation. Thus, these compounds undergo substitution rather than 
addition reactions, and carbon-attached side chains may be oxidized by 
permanganate to a COOH group without oxidizing the ring. 

The positions in the rings are numbered clockwise or counterclockwise, 
starting with the hetero atom. Also, the positions may be referred to by Greek 
letters. 


^CH, 

0 

Cl IP ^ C,H. 

s 

Cr" 

N 



1 

CH, 

o-Methylfuraii 

3-Ethyl-4r 

N-Methyl-3- 

or 

chlorothiophene 

bromopyrrole 

2 -inethylfuran 



When the furan and thiophene rings are saturated, hydrogen atoms are 

regarded as substituents. A saturated pyrrole ring 

is called pyrrolidine. 

HtC-CH, 

HC CH, 

II 1 

HC CH, 

H,C-CH, 

1 1 

H,C CH, 

1 1 

H,C CH—CH, 

\ / 

\/ 

\ / 

0 

S 

N 



H 

Tetrahydrcrfuran 

a,/9-Dihydrothiophene 

2-MethylpyiTolidine 


a. Furan. The furan ring can be made by the dehydration of a 1,4-diketone: 
CH,-CH, CH-CH 


/ 


i 


\ 


C C 

R 0 0 R R^ \h HO^ \ 

A common derivative of furan is furfural: 


FiOi 

A 


R 0 R 


JLcho 

0 

Furfural, or furfuraldehyde 
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Furfural is produced by treating cereal grains with sulfuric acid, followed by 
steam distillation to remove the furfural. Pentoses in the grain are dehydrated 
and cyclicized by the action of sulfuric acid. This can be seen if the aldopentose 
structure is twisted around as shown below. 


H H H H 



Similarly, polyhexoses in the grain yield hydroxymethylfurfural. This is be¬ 
lieved to be the basis of the Molisch test, wherein the furfural or substituted 
furfural gives a deeply colored dye with naphthols and sulfuric acid. 

In alkaline media, furfural is a typical aromatic aldehyde. Thus, it under¬ 
goes the benzoin condensation and the Cannizzaro reaction. In acid media, 
the ring is easily opened, the reaction being a typical acid-catalyzed hydrolysis 
of a vinyl ether to a carbonyl group. Furfural is used as a solvent, as a fungi¬ 
cide, and for making resins of the phenol-formaldehyde type. 

b. Thiophene. Thiophene itself is a colorless liquid with a boiling point 
(84°) and an odor very similar to that of benzene (b.p. 81°). Both compounds 
are present in coal tar and shale oil and, because of the nearness to each other 
of their boiling points, benzene obtained from these sources usually contains 
thiophene as an impurity. When benzene is used as a solvent for reactions, 
such as the Rosenmund reduction, any thiophene present would poison the 
catalyst; hence, thiophene-free benzene must be used. Impurities of thiophene 
in benzene are removed by shaking the benzene with sulfuric acid. The 
thiophene reacts much faster than benzene with sulfuric acid to form the 
soluble thiopbenesulfonic acid. 

Thiophene is produced by several reactions, two of which are as follows: 
(a) From acetylene and hydrogen sulfide. 


H H H H 



i I 

H H 
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(b) From n>butane plus sulfur 

4S 


CH,^/ 


1+3H,S 


CHr-CH, 

A general method of preparing thiophene derivatives, aside from nuclear 
substitution, is by heating 1,4-dicarbonyl compounds: 


0 0 


OH OH 


R—C C—R R—C 


C—R 


R S R 


CH^CH, 


CH-CH 


The thiophene ring undergoes electrophilic substitution reactions more 
readily than does the benzene ring. Thus, halogcnation needs no catalyst, 
and milder acids than AlCh may be used for Friedel-Crafts reactions: 

i [l-bCU-^l fl -bHCl 

\ / \ /\ 

S S Cl 

J CHjCOCl ^I-COCH, -b HCl 


c. Pyrrole. Pyrrole itself is obtained from coal tar. Some of its derivatives 
can be made from the corresponding furans with ammonia: 

_M„. _ CH,-CH 




R 0 


C CH C ( 

/ \ I / \ / 

R OH NH, R 0 H,N 


CH,—CH 

n—I II 

/\ / C CH 


R N 


/ \ / 

R N 


Although pyrrole is a secondary amine, it has weak acidic and weak basic 
properties: 

Acid character: ||^ J -b K —» (j^ ^ + IH, 


H 


K 
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i 


RMgX 


I 

MgX 


Basic properties; 




ci- 


This amphoteric character is understandable in terms of resonance theory. 
The charge distribution in the ionic forms of pyrrole allows the hydrogen 
atom to be removed more easily than that of an aliphatic secondary amine 
and at the same time makes the unshared pair of electrons on nitrogen leas 
available than in aliphatic amines. 



Thus, pyrrole has a Kt of about In contrast to this, the saturated com¬ 
pound, pyrrolidine, for which such resonance is not written, has a Kj ~ 10~'. 

Two important biological constituents are formed from the pyrrole ring. 
In hemoglobin and chlorophyll, there are four pyrrole rings connected by a 
conjugated system of carbon atoms and a metal ion. Hemoglobin has a ferrous 
ion, and chlorophyll has a magnesium ion. 



Globin 

Hemoglobin 
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electron densitiei lie do all of the caihone of the benzene ring. Nitrogen is 
more electronegative than carbon, making certain ionic structures more stable 
than others. 



Kakuli atiuctures Ionic structurea 

Resonance of the pyridine nucleus 


Hence, nucleophilic reagents react more readily with the pyridine nucleus than 
do electrophilic reagents, especially at the 2- and 4- positions. For instance, 
pyridine reacts with nucleophilic agents at moderate temperatures: 



In contrast to this, pyridine is brominated, nitrated, or sulfonated only at 
very high temperatures, 300-400° and then at the 3 position. 

The pyridine ring resists oxidation by some agents even more than does a 
benzene ring. For illustration, in the oxidation of a>phenylpyridine and 
quinoline, the benzene ring suffers cleavage rather than the pyridine ring: 



CiOi 


HiOi 



1 

,j^-COOH 


a COOH 
COOH 


As a result of the charge distribution and stabilizing effect of the resonance 
of pyridine, it is a weaker base (K» 10~*) than are aliphatic amines. The 

weak basic character of pyridine cannot be attributed to its ring structure, 
because the completely hydrogenated compound, piperidine, has a much 
Isrger K» ('^10~*). Nevertheless, pyridine is sufficiently basic to be alkaline 
to litmus and to form salts with dilute solutions of strong acids. It is com¬ 
pletely miscible with water and is a fairiy good ionizing solvent. It is also 
soluble in most polar organic liquids. Pyridine has a nauseating, persistent 
odor. It is obtained from coal tar in the middle oil fraction. 

The pyridine nucleus is found in many physiologioally active substances, 
such as nicotine and vitamin Bf. 
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CHiOH 

HO-|^"’SpCHiOH 

H,C-Jsn^ 

Pyridoxine 
(vitamin B() 


b. Quinoline. Quinoline has a structure similar to naphthalene, in which 
an N has replaced an alpha CH: 

6 4 

3 
2 

8 I 

Quinoline 



It has the Kekul4 resonance of naphthalene and is typically aromatic. Its 
properties resemble those of pyridine in the same sense as the properties of 
naphthalene resemble those of bensene. 

The quinoline nucleus is found in some physiologically active substances. 
For example, many of the 15,000 compounds synthesized and tested for anti- 
malarial action during World War II were quinoline derivatives, and two of 
the most effective substitutes found for quinine are quinoline derivatives. 



Chloroquine 


Pentsquine 


8 -Hydroxyquinoline (oxine) is a highly useful agent in analytical chemistry, 
as mentioned in Section 19.3b. 


24.3 MISCELLANEOUS HETEROCYCUCS 

In addition to those discussed previously, other types of heterocyclic tings 
are possible, particularly those containing more than one hetero atom. Some 
illustrations are given below in the form of important representative com¬ 
pounds, and others are found in Section 24.4 and Chapter 25. 
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CH 


/ 


=C-CHr-CH,NH, 

I 

NH 


0 

CA C—N Na 

^O- 

/ v/ 

CH,—CH,—CH,—CH C—N 

CH, (!) H 


Histamme 
Present in all cell 
tissue and associ¬ 
ated with many al¬ 
lergies. 


Sodium pentothal 
A barbiturate, used 
as a general anes¬ 
thetic by intrave¬ 
nous injection. 



(!)H,-(CHOH)r-CH,OH 
Ribofl&vin 
Vitamin B, 


24.4 ALKALOIDS 

The term tdkdmd (alkali-like) is applied to a larp group of basic, nitrogra- 
oontaiaing oompounds found in plants. Most alkaloids are bitter, heterocyclic, 
optically active, and occur in plants as salts of organic wids (malic, citrw, 
succinic, acetic, lactic, tartaric, oxalic, etc.). This classification is not ^ 
inclusive because a few alkaloids such as berberine, papaverine, and pdooereme 
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are optically inactive. A few alkidoids such as narcotine are found free in 
nature, probably because of their low basicity. Some alkaloids are found as 
glycosides of glucose and other sugars. A few alkaloids such as the yohimbine 
group, exist as esters of organic acids, whereas others are encountwed as 
amides, such as the ergot alkaloids. Most alkaloids are bitter, and quinine is 
commonly used as the standard reference for bitterness in taste studies, but 
pipeline from black pepper is tasteless. Alkaloids are commonly found among 
higher plants, although the ergot fungus produces alkaloids. Thus, it is diffi¬ 
cult to give a definition to the term alkaloid which is without exceptions. 
A given alkaloid or group of alkaloids is usually found in only one or a few 
species of plants, and this characteristic excludes simple amines and amino 
acids from the alkaloid classihcatioo, 

Many alkaloids are of great commercial importance owing to their powerful 
physiological action on animals. The occurrence and uses of some of the more 
common alkaloids are given in Table 24.1. 


TABLE 34.1. OCCURRENCE AND USES OF SOME COMMON ALKALOIDS 


Name 

Source 

Prominent Uses 

Atropine 

Belladonna 

Dilate pupils of the eye 

Caffeine 

Coffee, tea 

Stimulant 

Cocaine 

Coca leaf 

Local anesthetic 

Codeine 

Opium 

Analgesic (pain reliever) 

Emetine 

Ipecac roots 

Induce vomiting 

Lysergic acid dieth} !- 
amide (LSD) 

P>got fungus 

Produce delusions 

Morphine 

Opium 

Analgesic; narcotic 

Nicotine 

Tobacco 

Insecticide; stimulant 

Pilocarpine 

Jaborandi 

Sweat producer 

Quinine 

Cinchona bark 

Relief or cure of malaria 

Reserpine 

Rauwolha (snake root) 

Tranquilizer 

Strychnine 

Strychnos 

Pesticide; alcoholism 

Tubocurarine 

Chondrodendron 

Nerve paralysis 

Yohimbine 

Yohimbe bark 

Sex stimulant 


Alkaloids have served as medicines and poisons since early history. Opium has been 
used since the third century b.c. Atropine, once a familiar poison, is now used to dilate 
the pupils of the eye; physostigmine, used by West African tribes in certain rituals, is 
used as a bladder stimulant; curare, the South American arrow poison, is used by 
physicians as a muscle relaxant; seeds of the nux vomica, long used to destroy stray 
dogs and in gopher and rat poisons, is used to treat alcoholism and narcotic poisoning; 
since medieval days opium has been used by Orientals for the hallucination effect, and 
South American natives have chewed coca leaves for stimulation or cinehona bark for 
fevers. Alkaloids are active ingredients of many commodities used for pleasi^ ex' 
stimulation, such as coffee, tea, cocoa, tobacco, etc. Marihuana, incidentally, is not 
known to contain any alkaloids. 

Chemical work on alkaloids dates back to 1803, when Derosne isolated s crystalline 
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substance from opium. In 1805, a German apothecary, Sertumer, independently 
isolated this same substance, purified and characterised it, and called it *‘morpheum." 
After his second paper in 1817 on morphine, chemists began to look for similar com¬ 
pounds. Thus, Pelletier and Caventou found strychnine in 1818 and brucine in 1810 
in nux vomica, and in 1820 they isolated quinine and cinchonine from cinchona bark. 
There followed considerable speculation by early chemists about the chemical consti¬ 
tution of these compounds. By the middle of the 10th century, it was believed that 
several of the alkaloids contain in their structures the pyridine or quinoline molecules. 
It took the greater part of a century before the structures of some of the earliest 
discovered alkaloids could be worked out with confidence. That is, proposed structures 
from analyses are not regarded as conclusive until such a structure can be confirmed 
by its synthesis. Because of the complex stereochemical structures involved, syntheses 
of some of the alkaloids, which were completed only within the past 30 years, have 
become chemical classics. 

Opium is a dried exudation from a poppy grown in India, Egypt, Peru, and Turkey. 
The United States imports most of its supply from Turkey. Over 20 alkaloids have been 
isolated from opium, the most important of which are morphine, papaverine, codeine, 
narcotine, and thebaine. For years, morphine was the only good “pain killer" available, 
and hence it became indispensable in medicine and surgery. However, addiction to 
morphine and certain other alkaloids is such a serious social problem that the sale 
or possession of them is controlled by government agencies. As discussed in the chapter 
on chemotherapy, some of these natural products such as quinine and morphine have 
been supplemented or replaced by better, synthesized compounds. The relative pain- 
killing power of some analgesic drugs has been given the following rating (in arbitrary 
units): 


Phenazocine 

500-1000 

Numorphan 

500-1000 

Dromoran 

500-1000 

Heroin 

300 

Morphine 

100 

Demerol 

20-30 

Codeine 

15 

Aspirin 

1-2 


Aspirin is not an analgesic, but it is included for comparison because we are so familiar 
with it. The sale or possession of heroin is banned in the United States because of its 
addictive powers. 

The function of alkaloids in plants is still unknown. Some experiments suggest that 
alkaloids are waste products from the nitrogen metabolism of plants, other work 
indicates that the alkaloids are not end products but metabolic intermediates. It has 
been proposed that alkaloids may serve to protect plants by discouraging animals 
from eating them because of their bitter taste or poisonous effect. Certain alkaloids 
niay serve as metal-ion carriers through chelation. It is unlikely that any one theory 
Will account for the functions of such a heterogeneous group of compounds. 

The study of the chemistry of the alkaloids has been fascinating to chemists 
because of the variety of their physiological effects on animals and the chal¬ 
lenge they offer for structure determination and synthesis. The structures of 
some are given on page 570 for inspection; it can be seen that some of them 
are very complex. 
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Btiychnine 
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f) CH, 
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N 

H,C-N^ ^CH 

i C-N**^ 

0^ V 
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Caffeinn 


STUDY EXERCfSES 

1 . Give the structural formulae for pyridine, quinoline, funn, thiophene, nicotine, 
pyrrole, and furfural. 

2 . How could me diatinguieh by qualitative test-tube experimeots (a) benieDC 
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JMD 


GHi 



camphor tree) 


CH. 

djH 

\h, 

(CH,),0-CH-CH,CH,--C-CH-CHO I I 

1 H,C CHOH 

CH 




iH-CHi 


Citral 

(from oil of lemon) 


Menthol 

(from peppermint oil) 


Often the terpenoids are named after the plant from which they have been 
isolated, e.g., citronellol and citronellal from oil of dboneUa, and geraniol 
from oil of geranium. The terpenoids easily undergo oxidation or reduction 
and isomerization; terpenoids, consequently, are found to be simple variations 
of the same empirical formula: 



Citjal Neral 



i 
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A 


p-Cymene 


The determination of the structures and the synthesis of some terpenoids 
is sometimes rather simple, although the stereochemistry may be a problem. 


Degradation: 



CH/) 
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CHO 
CH,0' 
CH 


H 

0 
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COOH 

y 

+ HCOJI 
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COOH 


Myrcene 
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SynUietia: 


OH H 0 



but 



OH 



Ocimene Myrcene Ailo-ocimene 
(main product) 


Anther tyrUhma example: 



(±)-Liiialool Methyl hepto&one 

The higher terpeaee have much more complex structures. 
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25.3 STBiOlDS 


Steroids are found in nature, and their structures are based on the following 
ring system: 



The structure consists of three cyclohexane and one cyclopentane ring fused 
together. The rings are puckered with cis-trana isomerism occurring at the 
ring junctions. The two principal series are the cholestane and coprostane 



Notice that the rings are all Irana at the ring junctions except for the A/B 
ring junction in coprostane, which is cis. The convention is to draw bonds 
below the general plane of the molecule (or behind the page) by a dotted 
line, designated a, and those on the opposite side by solid lines and des¬ 
ignated 5 . 

Hydroxy derivatives of steroids are called sterols, and the most common 
member is cholesterol: 
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Cholesterol is present in all animal tissue cells but chiefly in the brain, nerve 
tissue^ and renal glands. Cholesterol appears to play an important role in 
coronary heart disease. 

The relation of diet to coronary heart disease and the correlation between cigarette 
smoking’and lung cancer are two very controversial subjects in public health today. 
Several investigators report strong correlations between fat in the diet and atheroscle¬ 
rosis, while other authorities denounce the hypothesis for lack of proof. 

Nevertheless, there is increasing evidence that diet is one of the important factors 
in coronary heart disease. In this disease, fatty deposits form in the arteries which 
supply blood to the heart. These deposits consist of cholesterol, fat, ^nd protein. The 
buildup of deposits takes years, but it may so constrict the artery that a blood clot 
may suddenly block the flow of blood (coronary thrombosis) and cause localized 
destruction of heart tissue. 

What causes these deposits is the point of dispute. Most researchers agree that a 
high concentration of cholesterol in the blood is a contributing factor. All normal blood 
contains cholesterol, but little is derived directly from foods. The body synthesizes it 
in the liver from fats, carbohydrates, and proteins. Indications are that the type of 
fat in the diet is more important than the amount of fat. Patients fed only vegetable 
fats (corn, peanut, cottonseed oils), which are relatively unsaturated, have less cho¬ 
lesterol in their blood than those fed an equivalent amount of animal fat (beef fat, 
lard, butter), which arc relatively saturated. 

Although fats in the diet are getting the most attention in studies of atherosclerosis, 
other factors are also involved. P'or example: 

L //eredif]/—persons whose close relatives have had early cases are the most likely 
to get it. 

2, Sejt —cases among women between 35 and 54 are only one-sixth as frequent os 
among men in the same age range. Female sex hormones appear to reduce cholesterol 
deposits in the arteries. 

5. Obesity —the blood chole.sterol level increases with an increase in weight. 

4 . Exercise —exercise help.s maintain normal levels of blood cholesterol and increases 
blood circulation to the heart to offset the effect of narrowed arteries. 

5. Stress and hypertension —emotional stress, which causes the body to produce extra 
cholesterol, and high blood pressure may promote heart disease. 

The sex hormones are steroid derivatives. The three most important are 
the female sex hormones estradiol and progesterone, and the male sex hormone 
testosterone. 

CH, 


OH C=0 OH 



Estradiol Progesterone Testosterone 

These hormones are responsible for the development of male and female 
sexual characteristics. 
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nsr QUESTIONS, S$t 23 

1, Hydfooartxm A, ChHm) found in citnu fruit peeling, adds tvo moles of hydrogen 
to ]^d iMne&thane, CuHa. (a) How many rings are there in A? Oxidation of A by 
permanganate produces B. (b) Give two possible structures for A on this basis. Which 
is the more probable according to the isoprene rule? (c) What are the most likely 
structures for the monohydration product of A? 

COCH. 

CHr-C-CHiCHr-C^ 

(1 \h,co»h 

B 


2. a-Terpinene, CmHu, adds two moles of hydrogen to form CioHjo. Oionolysis of 
o-terpinene yields C, whereas aqueous permanganate oxidation produces D. 


(CH,):CH-CO-CH,CHr'CO-CH, 

C 


COOH COOH 

(CH,),CH-(UcH,CHr-A-CH, 

Ah Ah 


(a) On the basis of these data and the isoprene rule, propose a structure for a-terpinmie. 

(b) How do you account for the presence of OH groups in D? 




Textiles and Plastics 


26.1 NATURAL AND SYNTHETIC TEXTILES 

Several important commodities, such as dyes, drugs, plastics, paints, rubber, 
and detergents, arc synthesized rather than manufactured from natural raw 
materials. In terms of quantity, the textile industry is still based largely 
upon the natural fibers cotton and wool. However, the use of synthetic fibers 
is growing, and on a dollar basis, rayon, acetate rayon, and the completely 
synthetic fibers already hold mure than 50 per cent of the textile market. 

Cotton (cellulose) and wool (protein) are the major textile materials used 
in the United States. Linen, like cotton, is almost pure cellulose, but the fibers 
are longer and stronger than cotton. Silk filaments (protein) are sticky and 
hard to handle with machines; for this reason, not many silk fabrics are woven 
in the United States. Until 1884, thrae natural fibers were virtually the only 
ones used in textiles. In 1891, rayon made its commercial debut, and acetate 
rayon was introduced shortly before World War 1. These two fibers are merely 
modifications of an already large molecular weight substance, cellulose. Not 
until 1938 was an entirely synthetic fiber used, and this was nylon.^ Today 
the cellulosic man-made fibers account for 55 per cent of the synthetic tex¬ 
tiles, and nylon alone is used for 40 per cent of all carpet fibers. 


Textile Consumption 

1960 

1961 

Man-made fibers 

22% 

31% 

Cotton 

68 

61 

Wool 

10 

8 


100% 

100% 


In the past decade, other synthetic fibers have become successful, particu¬ 
larly Dacron, Orion, Lycra, Acrilan, and Herculon. The general advantages 
of textiles made from synthetic fibers are (1) high tensile strength and abra¬ 
sion resistance; (2) resistance to mildew and insect attack; (3) low degree of 

‘ Up to the early 1930 'b, little waa known about what type of mdecular atiuoturw niake 
good textilea. Beginning in 1928, W. H. Carothen punu^ pioneering atudiei in this aie^ 
and guicM the leng^y research of Du Pont on polymers. Finally in 1938, njdon went in 
emninercial production with phenomenal success. 
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water absorption, therefore, quick drying; and (4) dimension stability, i.e., 
they hold a manufactured crease but have little wrinkling or shrinkage. Two 
disadvantages of synthetic textiles which have presented problems to the 
industry are their tendency to accumulate static electricity and the poor 
dyeability of the nonp>olar polymers such as pol}rpropylene. These short¬ 
comings have largely been overcome by the use of antistatic agents (sugar 
and polyhydric derivatives) and special dyeing techniques. For example, a 
pigment is frequently impregnated into the fiber, and this gives essentially 
the same appearance as a dyed fabric. 

26.2 POLYMERIZATION AND POLYCONDENSATION 

The large molecules (macromolecules) synthesized for textiles, plastics, and 
rubber are made by polymerization or polycondensation reactions. Polymeri¬ 
zation of alkcnes was discussed in Section 3.4, where it was shown that free 
radicals, metal alkyls, or acids are used to catalyze the polymerization of 
alkenes. By this reaction, for example, acrylonitrile is polymerized to produce 
the giant molecules from which Orion is made. 


(n + 2) CH,=CH ^ CH,—CH-fCH,-CH--CH=CH 

I I \ I / 1 

CN CN \ CN/n CN 

Polyacrylonitrile 

Two common types of polycondensations for making macromolecules are 
polyesterification and polyamide formation. A dicarboxylic acid and a di- 
hydric alcohol are allowed to form an ester, but because both ends of each 
molecule may react, the reaction takes place over and over to produce a 
macromolecule. Dacron is made by this reaction.* See page 584. 


26.3 PLASTICS 

Plastics have properties over a range between two extreme types. The 
Ihemotetting plastics will stand high temperatures, are resistant to chemicals, 
are hard to break or burn, and are not easily scratched. In contrast to these, 
the thermoplastics soften at moderately high temperatures, are more readily 
attacked by chemicals, burn easily, and are usually transparent. Because 
plastics may be produced having properties anywhere between these two 
extremes, they serve for the manufacture of many industrial and domestic 
commodities. Plastic articles are shaped by molding, extruding, or laminating 
processes. Warm, fluid plastic material may be forced into a hot or cold closed 
mold; or the mold may be filled with cold plastic material and then heat and 
pressure applied. For tubing and fibers, liquid plastic material is extruded 
from circular or pinpoint orifices into cold atmospheres. Laminates are manu- 

* In practice, the dimethyl eater of phthalic acid ia uaed; it reacts with ethylene glycol 
to diaplaoe the more volatUe methyl alcohol. 
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factored by soaking wood or cardboard in rei^ or plastic solutions and then 
applying pressure and heat. This gives the laminate the same texture through¬ 
out. 

In the manufacture of plastic materials, usually certain low-melting sub¬ 
stances are added to the polymers to impart toughness or flexibility. These 
additives, called pUulicizere, are merely physical additions. Such substances 
as phthalic acid esters, phosphate esters, castor oil, or sulfonamides are used. 

More and more of the markets once held by plywood, glass, and metals 
have been taken over by plastics, and the industry has doubled its growth 
every five years since 1930. About one-fourth of the plastics go bto building 
products materials. The uses and more prominent features of plastics are 
summarized in Table 26.1. This table is by no means inclusive because the 
properties and uses of the various types of plastics overlap too much for each 
type to be uniquely characterized. Also, there are at least 20 major types of 
plastics with more than 130 trade names. 

Note that most of the thermoplastics are produced by polymerization, 
whereas the thermosets are polycondensation products. The preparation of 
Bakelite was mentioned in Section 10.6. Melamine is a cyclic amine which 
polycondenses with formaldehyde. 


NH, 

A 

H,C0 + H,N-C 

\ / ^ 

N 

MelamiDe 


N(CH,OH), 

A 




N(CH,OH), 
C 

\ 

H H N N H H N N H 

III Ji I I I HI 

—NCH,N—C C-NCH,N—C C—N— 

\/ ^ / 

N N 

A BCzincnt of melmac polymer 


The fonnation of the polyestere and polyamides was discussed in Section 26.3. 

We saw in Section 9.6 that perfluoro compounds have unusual thermal stability 
snd inertness to various reagents. Similarly, fluorocarbon polymers are especially 
stable. Polyethylene is usable as a polymer up to about 100^, whereas fluorocarbon 
polymers-withstand temperatures above 300**. In fact, the properties of Teflon almost 
caused its abandonment. Ordinary molding equipment would not handle it because 
of its high melting point. There is no known solvent for it. Its slipperiness and im* 
munity to ^*wetting^V agents prevented its mixing with other materials or laminating. 
Finally there was found a way of handling it in the form of a dispersion of tiny needle* 



TAILE 26.1. MAJOR CHARACTfMSTICS OR PLASTIC TYPES 



Raw Materials 

Special Properties 

Trade 

Type 

for Production 

or Uses 

Names 


Thermoeetting Plaatics 


Formaldehyde 

CH.0 

A poly acetal. Stiff, 
corrosion-resistant, 
good substitute for 
metals in car parts 
and plumbing fittings 

Deliin, 

Celcon 


CH*0 + phenol 

Tough and strong. 

Used for electric 
switch parts and 
cabinet panels 

Bakelite 


CHjO + melamine 

Used to make dinner- 
ware 

Melmac 

Polyester or 

Phthalic or terephthalic 

Used to make car 

Dacron 

alkyd 

1 

acid plus ethylene glycol 

panels and bodies, 
knitted wear and 
typical wool uses as 
blankets, surface 
coatings, clothing 

Mylar 

Polyamide 

Hexamethylenediaminc 

High luster and tensile 

Nylon, Zytel 


plus adipic acid 

strength (4 times 
steel on a weight ba¬ 
sis). Used for tire 
treading, knitted 
wear, marine ropes, 
parachutes, surgical 
sutures, carpeting, etc. 

Antron 

Siloxane 

CHaCl + Si 

Heat and water repel¬ 
lent. Used for gas¬ 
kets, heating baths, 
high temperature in¬ 
sulation coatings, 
safety-glass interlay¬ 
ers, and to water¬ 
proof surfaces and 
clothing 

Silicones 

Polyurethane 

Glycols + diisocyanates 

Elastic, abrasion resist¬ 
ant yam. Used for 
"stretch'' clothing 
and "spongy" articles 

Lycra 


Thermoplastics 


Acrylics 

Esters and sidechain 

Clear, transparent and 

Plexiglas, 


derivatives of acrylic 

Bhatter*resistant. 

Lucite 


acid, CH,—CH—COOH 

Uaed for airplane 
windshields, dental 
biidgee, medical in* 
stnimenta and 
blankets 

Acrylon 
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Type 

Raw Materials 
for Production 

Special Properties 
or Uses 

Trade 

Names 

Cellulose 

Cotton plus acetic acid 

Used for toys, combs 

Celanese, 

family 

Cotton 4- HNOi, H 1 SO 4 

and brushes, movie 
him, draperies, ciga- 

Acele 

(acetate) 


Cotton + C ACl 

rette filters 

Celluloid 

(nitrate) 

Ethocel 

(ethyl 

ether) 

Vinyls 

Vinyl chloride 

Flexible products. Used 

Dynel 


Vinyl cyanide 

for outer garments, 

(chloride 


Vinyl acetate 

and for typical wool 
uses. Polyvinyl ace¬ 
tate used in do-it- 
yourself water-base 
paints. 

Soil conditioners 

+ cya¬ 
nide) 

Orion 

(cyanide) 

Krilium 
(cyanide 
+ hydrol¬ 
ysis) 


Vinylidene chloride 
CH,=CC1, 

Auto seat covers, tub¬ 
ing and pipes, play¬ 
ing records. 

Saran 

Polystyrene 

Styrene 

Rigid products. Used 
for refrigerator insu¬ 
lation, cork sub¬ 
stitute, trans¬ 
lucent window 
panels 

Styron 

Polyethylenes 

Ethylene 

Flexible products. Used 
for lab ware, acid 
containers, plumb¬ 
ing 

Polythene, 

Alathon 


CH,—CH-CH, 

Carpeting, clothes 

Herculon 


CFj=CFi, 

CFr-CF—CF, 

Resistant to fuming 
HNOi and aqua 
regia, very insoluble, 
low wettability, low 
brittle and high 
melting points. Used 

Teflon 


CF^-CFCl 

for high-temperature 
paint-on lubricants, 
cables, gaskets, re¬ 
placements for hu¬ 
man arteries, and 
missile nosecones 

Kel-F or 
Fluoro- 
thene 
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shaped particles. It is not surprising, then, to find reyiDn^oated bearings and bushings 
Uiat ne^ no lubricant, and biking pans that need no greasing. 

Another latecomer among the plastics is the polyurethane-type polymer. 
The isocyanate group NbC» 0 adds reagents having active hydrogen atoms 
according to the general equation 

H 

H—A -I- R—N-»C=-0 -»R—N—C—0 

I 

A 

llie polyurethanes offer many advantages of abrasion resistance, low water 
absorption, and good electrical properties. As foams, they have greater load¬ 
baring capacity and resistance to oil and air deterioration than natural rub¬ 
ber. Beause of this property, they make excellent pillows, table pads, cush¬ 
ions, mattresses, and structural support in aircraft frames. 

Silicon is right under carbon in the periodic table and resembles carbon in 
having a covalency of four. It forms Si—Si as well as Si—C bonds. Thus, 
silicon may replace carbon in many simple molecules. 


H 

H H 

H H 

Cl 

1 

H-Si—H 

1 

1 1 

H-Si—Si—H 

1 1 

1 1 

H—Si—C—H 

1 1 

1 

Cl-Si-CH, 

1 

1 

H 

1 1 

H H 

1 1 

H H 

1 

H * 

Silane 

Disilane 

Methyeilane 

Methyidicblorosilane 


H Cl 

1 I 

H,C—Si—CH, HO—Si-C*H, 

I I 

H H 

Dimethylsilane Hydroxychloroethylsilane 

In general, the silicon bonds are more polar than those of carbon. When di- 
metiiyldichlorosilane is racted with cold water, it quickly hydrolyzes to give 
dimethyldihydroxysilane. This rapidly polycondenses, splitting out HjO be¬ 
tween two OH groups to give macromolecules, called siliconea. First, high- 
boiling oils result, and as the polymerization proceeds, solids are formed. 



Polycondenation may be linear or in two dimensions, and if various groups 
are used in place of the CHi groups, products of a wide variety of properties 
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may be obtained. The use of perfluoro groups, for instance, gives products 
which will be unaffected by temperatures up to 800”. They are excellent for 
transparent safety-glass interlayers for supersonic jet aircraft. 

Fluorocarbon resins are used in various missile types for insulation, gaskets, 
pump packing, fuel lines, etc. An Atlas missile and its launching gear, for 
instance, use about one ton of fluorocarbon. 

When alcohols, alkyl halides, ethers, acetals, and some other classes of com¬ 
pounds representable by the symbol Y—Z are added to an olefin to be poly¬ 
merized, the resulting polymer molecule will have Y at one end and Z at the 
other end, Y—(CHjCHj),—Z. The product is called a idovm (Gr. telos, end; 
ftwr, part). This process is used to control polymer size. Many telomere of 
ethylene are soft to hard waxes and are used in place of natural waxes, par¬ 
ticularly for high-temperature applications. 

26.4 PHYSICAL PROPERTIES OF MACROMOLECULES 

Macromolecules need to be high melting for some purposes and low melting 
for others. Rubbers are low melting, fibers for textiles are high melting, and 
plastics are in between. Polymer molecules may form an amorphous solid in 
which the molecules are entangled like “cooked noodles,” or the molecules may 
form a crystalline solid in which the molecules are lined up approximately 
parallel like a strand of rope. Crystalline polymers are usually higher melting, 
and the crystallinity depends mainly upon the polar and steric relationships 
between the macromolecule chains. Intermolecular forces (van der Waals, 
dipole-dipole, or hydrogen bonds; cf. page 264) tend to bind the chains to¬ 
gether, and the stronger these forces are, the more crystalline is the polymer. 
Thus, polymers of alkenes with low cohesive forces are amorphous and rub¬ 
bery, whereas nylon and wool tend to be crystalline, owing to strong interchain 
hydrogen bonds between CO and NH groups. Plastics are between the amor¬ 
phous and crystalline extremes, being amorphous but not elastic. If large 
groups extend out of the polymer chains, this, too, hinders the chains from 
lining up for a crystalline high melting polymer. For instance, polyethylene 
is crystalline, not because of large intermolecular forces, but because the 
molecules are very linear and allow close packing. 



When the molecules can get close, the weak van d^ Waals forces become more 
effective. Polystyrene, on the other hand, has bulky phenyl groups reaching 
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out to prevent close packing. Consequently, it is amorphous. The crystallinity 
of polymers can also be increased by certain physical treatments. 

One of the reasons the use of synthetic libers is increasing is that they can 
be manufactured to meet desired specifications. For instance, the new iaolactic 
polymers produce strong, high-melting fibers for industrial applications. Iso- 
tactic polymers arc those in which the monomer units are lined up in identical 
stereo orientations, and the chains are substantially free from branching. New 
techniques in polymerization have led to the production of polymers having 
specific arrangements of monomer units. Conventional methods yield the 
ordered or random arrangement of 

monomer units. In such copolymers, \ \ ^ ^ ^ 

the blending of the monomers is very ^ 

intimate and the polymer properties 

average of the properties of the oOOfboOtjbgOOgO 
two monomers. The isotactic polymers “ -v -r 

are produced with metal alkyl catalysts "*"**" *"*"***^ 

(cf. page 112), on whose surfaces the ^ a, 

polymer molecules grow to form long, □□[_]□□□ 

straight chains. In the block and graft Mi**. 

eopolymei. each mooomer displays OGOODDD 00000 
some of its unique characteristics; „wtr-i.r 

some of these properties will be an 

addition instead of an average prop- r~in r~ir~ir~nn r~in 
erty. For illustration, a graft copoly- 0 0 

mer of styrene and vinyl alcohol, 0 O 

consisting of a styrene backbone and 

b«poh«olpolyvmyl .Mol, is solo- ooogOOOOOgO 

ble in both water and toluene. The T T 

polyvinyl alcohol branches are readily □OOCjOOQOOCIO 

solvated in water (page 261), with cr«. Nh-.. 

the result that the insoluble poly¬ 
styrene portion is maintained in a state of stable suspension. In toluene, 
the polystyrene trunk is dissolved while the polyvinyl alcohol branches 
collapse and are kept in a state of stable suspension because of their attach¬ 
ment to the dissolved polystyrene trunk. The cross-linked polymers are 
produced by controlled radiation. It yields fibers which are more heat 
resistant, and less soluble and elastic. 

Since the size and shape of macromolecules are major factors affecting 
their properties, it is important to have reliable methods of determining these 
characteristics. Although chemical methods give some information about the 
size of macromolecules, physical methods give more information about their 
spatial configurations. These methods involve measurements of (1) viscosity. 


oooonnDDOOOO 

copolyiMf 


SrofI COMirntr 


□oonooaool 
□ ooiooiziooi 

Cmi liniwtf BtlyiMf 
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(2) osmotic pressure, (3) ultracentrifuge (sedimentation rate and equilibrium), 
(4) light scattering, (5) film balance, and (6) X<ray analyses. These methods 
may give different values for the same material, because such large quantities 
are involved that close agreement is difficult. Some methods are more effective 
for certain molecular sizes or shapes. For instance, light-scattering data will 
be more accurate the larger are the molecular weights. Values differing by 
loss ^n 15 per cent are within experimental error, while differences greater 
than this are probably real. 


STUDY EXERCISES 

1. What are the raw materials or monomers used to produce (a) nylon, (b) Bakelite, 
(c) Dacron, (d) silicones, (e) Plexiglas, (f) Celanese, (g) Ethocel, (h) Dynel, (i) Orion, 
(i) Krilium, (k) Saran, (1) Styron, (m) Polythene, (n) Herculon, (o) Teflon, and 
(p) Kel-F? 

2. Which types of plastics would probably be used for (a) car panels and bodifs, 
(b) oil gaskets, (c) knitted wear, (d) blankets, (e) soil conditioners, (0 auto seat 
covers, (g) dental bridges, (h) surgical sutures, (i) high-temperature paint-on lubri¬ 
cants, (j) flexible laboratory ware, (k) cork substitutes? 

TEST QUESTIONS, Set 24 

1. What resemblance is there in the structures of nylon and proteins? 

2. What series of reactions could be used to produce adipic acid and hexamethylene- 
diamine from butadiene? 

3. What volume of 0.5 N KOH would be required to neutralize a 10-g sample of 
Krilium (polyacrylic acid) of molecular weight 36,000? 

4. What volume of 2.0 N HCl w'ould be required to neutralize the ammonia 
released from the hydrolysis of a 2.65-g sample of polyvinylcyanide of molecular 
weight 53,000? 

5. How could one distinguish by qualitative test-tube experiments (a) a piece of 
nylon from a piece of cotton fabric; (b) a piece of rayon from rayon acetate fabric? 

6. One type of plastic is prepared by polymerizing esters of methacrylic acid, 
GHf»^(CHi)—COOR. Indicate the series of reactions one could use to prepare 
methacrylic esters if methyl and ethyl alcohols were the only sources of organic 
substances. 




Dyes and Dyeing 


Man has always enjoyed color, yet it is only within the last century that 
it has been possible for him to wear clothes dyed any color of the rainbow. 
One is inclined to think of ancient or medieval times as having many bright, 
deep colors; but actually the variations in color were relatively few, and the 
high costs of dyes restricted their use to royal or rich families. Color is some¬ 
thing everyone enjoys and takes for granted, but even the lowest-income 
groups enjoy variations today that were unavailable to kinp a century ago. 
How dreary the world of colonial days would appear to us now I 

Color is utilized in several ways other than for its esthetic value. The right 
combinations of colors in business are very important. In one case, for ex¬ 
ample, meat looked very dark in a certain butcher shop with yellow walls 
and yellow sawdust. When the walls were repainted a light blue, and green 
sawdust was used, the meat had a red, fresh-meat color, and sales increased 
severalfold. Color is increasingly being called upon to help sell products. Color 
schemes are used in industry to mark dangerous zones, to label various re¬ 
ceptacles, to indicate the direction of flow of traffic in buildings, etc. Proper 
color schemes not only provide better visual conditions, but also raise morale, 
speed up production, and affect safety records. Before the dyes are discussed, 
it would be profitable to consider the basic principles of color. 

27.1 COLOR AND THE VISIBLE SPEaRUM 

The basic characteristics of light were discussed in Sections 6.3 and 17.1. 
^en a beam of white light passes through a glass prism, it is dispersed into 
bands of colors. The rays of longest wavelength, found at one end of the visible 
spectrum, are red in color. The rays of shortest wavelength, found at the 
other end of the visible spectrum, are violet. All the other colors are found 
between red and violet, and tend to blend into each other. When all the colors 
Me mixed, they appear as white light. 

The color of an object depends upon the kind of light the object sends to 
the eye. This will depend upon the coloring matter or pigments'contained in 

S9i 
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the object and upon the kind of light falling on the object. If white light falls 
on a surface, the color of the surface will be determined by those components 
of the incident light that are reflected and not absorbed or transmitted by the 
object. For instance, if a surface appears orange in sunlight, it is because the 
surface has absorbed all wavelengths of sunlight except those in the orange 
range. If the incident beam of light is not white light, the color of the object 
will be altered. Thus, if an artificial light beam does not contain some of the 
color that is reflected from sunlight, the color will appear differently in the 
two sources of light. If the light source emits light of only a part of the spec¬ 
trum—as, for example, the yellow- light of a sodium flame—then the light 
beam itself is colored. In fact, any abstraction or loss of part of the spectrum 
of white light produces a color effect. Some materials reflect one color of light, 
and transmit a different color. 

When a surface absorbs part of the visible spectrum, the color of the re¬ 
flected light is said to be complementary to the absorbed color. The range of 
wavelengths, color of the corresponding light beam, and complementary colors 
of the various regions of the spectrum are given in Table 27.1. 


TABLE 27.1. ABSORPTION COLORS OF VISIBLE UCHT 


Light Absorbed 

Complementary 
Color Observed 

o 

Wavelength, A 

Spectral 

Color 

4000-42.50 

Violet 

Greenish-yellow 

4250-4500 

Indigo 

Yellow 

4600-5100 

Blue 

Orange 

5100-5500 

Green 

Red 

5500-5900 

Yellow 

Violet 

5900-6400 

Orange 

Blue 

6400-7000 

Red 

Green 


It can be seen that a surface which appears green absorbs light of longest 
Travdength. 

The colors of organic molecules are understood and explained fairly wrell 
in terms of the types and positions of chromophores and auxochromes present 
in a molecule. In general, the more chromophores there ue and the longer is 






595 


dyes DYBNO 

the eoojugftted eyatem in a molecule, the deeper will be its color. This gen* 
erality is far from being complete. The color of organic compounds, as well 
BS other properties, are more completely accounted for in terms of resonance, 
steric hindrance, hydrogen bonding, and inductive effects. 

27.2 TYPES OF SYNTHETIC DYES 

The colorist classifies dyes on a basis of the types of fabrics to which they 
may be applied, but chemists are more interested in dyes from the standpoint 
of their molecular structures. 

a. Triphenylmethane dyes. Two common routes for the preparation of 
triphenylmethane dyes are given below (one method starts with a benzalde- 



Preparotion of triphenylmethane dyes 
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hyde and the oth» with a bensopheiioae). The color of the dye depends upon 
which auxochromes are present. With three —NHi groups, one at each para 
positioo, a red dye results; two —N(CHi}i groups give a green dye, and three 
—N(CH«)i groups give a violet dye. 



IJ 11 


IT 

HiN+ Cl- 

Rosaniline or fuchsin 
(red) 


(CH,)iN+ a- 

Malachite Green 




(CH,),N+ a- 
Cryetal Viokt 

b. Fhthalein dyes. Phthalic anhydride condenses with substituted phenols 
to give products somewhat similar to the triphenylmethane dyes. Phenol- 
phthalein is formed when phenol and phthalic anhydride are fused together 
with zinc chloride at 200* to 250*. Phenolphthalein is a white, water-insoluble 
organic compound. Upon the addition of one equivalent of alkali, a mon- 
ovalmt colorless salt is irreversibly formed. The addition of a second equiv¬ 
alent of alkali produces a divalent red salt which may be reverted to the 
colorless salt upon acidification. This action is the basis for using phenol* 
phthalem as an acid-base indicator: red above pH « 10, colorless below 
pH - 8. 

Substituted phenols produce other phthaleins. Resorcinol produces fluo¬ 
rescein, named as such because its water solutions show an intense yellow 



DYK #» OVBNO 


$vr 



Fhcnolphthalein (white) 

loH- 



OH- 


HiO* 


Divalent ion of 
phenolphthalein 
(red) 


HO 

\ 



Monovalent ion of 
phenolphthalein 
(colorleas) 


fluorescence. Fluorescein is not a good dye, but its tetrabromo derivative is a 
strong red dye (eosin). (Compare the structure of eosin with that of Mer- 
curochrome, Section 19.3a.) 
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of similar structure have been produced. The indigoid dyes are noted for their 
beautiful color effects, durability, and fastitess. 

Several other types of dyes are used, such as sulfur-containiiig compounds, 
cyanine dyes, and carbazole dyes, but the discussion here is limited to those 
already taken up. 

27.3 THE DYEING INDUSTRY 

a. Adsorption of dyes on fabrics. To be a dye, a substance must impart 
color to a fabric, and the color must be stable to light and washing. A per¬ 
manent dye is said to be a fast dye. Not all colored compounds are dyes, 
because many substances do not adhere to fabrics, or they fade upon exposure 
to light or washing. Dyes are adsorbed on fabrics by several types of forces, 
such as ionic bonding, hydrogen bonding, van der Waals forces, chelation, 
and by solution in the hbers of the fabric. Hence, the applicability of a dye 
depends upon its structure and upon the nature of the fiber. A striking illus¬ 
tration of the selectivity of fabrics for dyes can be given as follows. ‘ Dip a 
piece of pure cotton fabric and another of acetate rayon into a warm dye bath 
containing a water-soluble blue dye and a water-insoluble red dye. When the 
fabrics are withdrawn and rinsed in hot water, the cotton will be colored pure 
blue, and the acetate rayon will be pure red. On the other hand, the fabrics 
may be dipped in another pair of dyes; and this time be dyed the opposite 
colors. 

Pontaminc Sky Blue 6BX] Cotton, dyed blue 

+ 

Celanthrene Red 3BN J Acetate rayon, dyed red 


Pontamine Fast Scarlet 4BA'| Cotton, dyed red 

+ f 

Celanthrene Pure Blue BRS J Acetate rayon, dyed blue 

Each fabric selectively adsorbs a particular type of dye. The first dye of each 
pair above is water soluble, and the same hydrogen bonding groups which 
make it water soluble binds it to cellulose through hydrogen bonds with the 
cellulose OH groups. Most of these OH groups of cellulose have been covered 
by acetyl radicals in acetate rayon, which gives it the general characteristics 
of an ester. Accordingly, it adsorbs dyes which are water insoluble. The mecha¬ 
nism of adsorption in this case is physical adsorption (dipole-dipole and van 
der Waals forces), or dye molecules may diffuse and dissolve in the fibers. 
Soaps and detergents are commonly used to help a dye bath wet and penetrate 
the fabric. 

The success of a new textile depends not only upon the suitability of the physioal 
properties of the fiber, but also upon its dyeability. When Orion and Dacron were 

I The dyes for these experiments were donated by E. 1. du Pont Chemical Company, 
Wilmiagton, Delawsie. 
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first developed, the dyes then available would only impart light tints or pastels to 
these fibers. This was a serious problem, because no matter how good the fibers were, 
their markets would have been small if they could not be dyed to bright, deep, fast 
colors. Several years of fundamental research by Du Pont physical chemists 1^ to a 
solution of this problem. Similar research by Hercules and other companies was done 
later for the polypropylene fabrics. Dacron, acetate rayon, and other polyester fibers 
are generally dyed by nonionic dyes, such as certain quinoid and azo dyes. The dyeing 
mechanism consists of a dissolution of the dye molecule into the fibers. Orion is an 
acrylic fiber whose CN groups form complexes with cuprous ions. Orion fibers treated 
with cuprous salts will adsorb anionic dyes. Wool and N 3 don being amphoteric, adsorb 
acidic and basic dyes through ion-pair formation, as well as through hydrogen bonding. 

Another factor important to the applicability of a dye is the correspondence between 
reactive atoms in the dye and active sites on the fiber. For example, the two dyes below 
on the left give Dacron a heavy shade, whereas the two on the right are poor dyes for 
Dacron. 



Good dyes for Dacron Poor dyes for Dacron 


b. Methods of dyeing. 1. Vat dyeing: In this procedure, a fabric is dipped 
in a solution of a Icuco base (a colorless compound which becomes colored 
upon oxidation), which gives a color upon exposure to air or chemical oxida¬ 
tion. Many of the indigoid and quinoidal dyes are applied by this method. 

t. Mordant dyeing: A fabric is impregnated with a salt by boiling it in a 
suitable solutioii, then the fabric is dipped in a dye bath. A chelate is formed 
involving the dye, the fabric, and the metal ion. This gives the dye superior 
fastness to light and to washing. Metal ions of iron, aluminum, and particu¬ 
larly chromium are used. Mordant dyes contain acid groups, such as COOH, 
80|H, or phenolic groups, for forming salts with the metal ions. 

S. Dired or mbitantm dyeing: A fabric is dipped in a suspension of a dye of 
large molecular weight. The dye is adsorbed and held by van der Waals and 
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dipolar forces. This method is used often for polyester fabrics, but seldom 
for cotton. 

Ingirain dyeing: Aso dyes may be developed right on the fabric by dippmg 
the fabric in a diazonium solution, and then in an alkaline solution of a sub¬ 
stituted phenol or aniline. Either order of solutions may be used. This method 
of dyeing is specially applicable to cotton, because the azo dyes usually have 
many hydrogen bonding groups present. 

c. Dyes from natural sources. Down through history, hundreds of plant 
and animal sources of coloring matter were known, but as trade between 
localities and countries increased, only the faster and more brilliant dyestuffs 
remained in use. In medieval times, the most noteworthy dyes were woad, 
indigo, logwood, madder, Tyrian purple, kermes, and cochineal. 

Woad is a blue dye obtained from the leaves ol a plant native to the tem¬ 
perate zone. Eventually it was replaced by indigo. 

Indigo was one oi the most popular natural dyestuffs. It was obtained 
from a plant grown chiefly in India and the Far East. It is present as a gluco- 
side in the plant. Hydrolysis yields glucose and a leuco form of indigo. Aera¬ 
tion oxidizes the leuco form, precipitating indigo blue. 

Logwood is one of the few natural dyes still used on a commercial scale. It 
is extracted from the wood of a campeche tree which grows in tropical areas 
in America. It can be used to dye purple on wool, blue or black on cotton 
and wool, and purple or black on silk. 

Madder was obtained from the roots of the madder plant, grown in most 
parts of the world. Eventually, it w'as replaced when alizarin (1,2-dihydroxy- 
anthraquinone), the color component of madder, could be synthesized at a 
price lees than the cost of extraction of madder. 

Tyrian purple was obtained from the mucous gland of the purple snail. 
Before the Fall of Rome, Tyrian purple was used as an emblem of royalty. 
It is the 6,6'-dibromo derivative of indigo. 

Kermes was obtained from a species of louse. It is a brilliant scarlet dye, 
and replaced Tyrian purple because of a lower cost of production. 

Cochinecd, also a scarlet dye, is obtained from lice which infest cacti. Its 
greater brilliance led it to supplant kermes. Then, synthetic azo dyes super¬ 
seded cochineal, and its use became limited to that of a nonpoisonous food 
colorant. 

CiUch and/ush‘c are brownish dyes extracted from acacia and other plants. 
Various shades of yellow and orange arc obtained from different sources. 
Cutch and fustic are still used today on a small scale. 

d. Rise of the synthetic dyeing industry. Today, 99 per cent of the dyeii^ 
industry is based on synthetic materials. The beginning of the end of the 
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natural dye industry came in 1856 when William Henry Perkin, at the age of 
18, accidentally discovered the azine dye, mauve, while trying to synthesize 
quinine fk)m crude aniline. He was not the first to synthesize a dyestuff from 
coal-tar products, but he was the first to realize the industrial possibilities 
of synthetic dyes, and immediately formed a company to produce the dye. 

William Perkin (1838-1907) was studying to be an architect at the City of London 
School; but, when only 13, he was so fascinated by chemistry that he gave up his 
lunch periods in order to attend a series of noon lectures on the subject. When he was 
15, the famous German chemist August von Hofmann was invited to become the 
first professor of chemistry at the Royal College of London. Hearing of this, Perkin 
left his sch<xjl and prevailed on Hofmann to let him study under him. Under Hofmann, 
Perkin finished the usual analytical courses in two years and was encouraged to do 
some research. He was assigned the task of synthesizing quinine from coal tar. 

In order to experiment during his spare time on holidays, Perkin fixed up a simple 
laboratory in his home. During the Easter week of 1856, he was oxidizing some impure 
aniline oil obtained from coal tar with potassium dichromate. Instead of obtaining 
white crystals of quinine, he got a black, stick>' precipitate. In disgust, he threw it 
into the sink, and started to clean his tube with meth} ! alcohol. To his surprise, he 
got a beautiful purple solution. 

Although the practice of that day of just mixing substances together may not be 
regarded highly scientific, Perkin did his work with caic and kept good records. Instead 
of merely noting the color, and then pouring his purple mixture into the sink, Perkin 
traced the source of the coloring to an impurity in aniline, namely, toluidine. He ob¬ 
tained a patent and decided to leave college and manufacture the dye commercially. 
With the financial assistance of his father and the help of his brother who was a builder, 
Perkin constructed a factory for producing and using his new dye. His product made 
a hit very quickly, and it was soon a huge financial success. He named the dye 'Tyrian 
purple" after the natural red dye obtained from snails, but it was renamed “mauve" 
in France, the name by which it is still known. 

Perkin's discovery was the stimulus for a big surge of research in organic synthesis. 
As a result, new dyes and other substances poured from laboratories around the world, 
particularly those in Germany. Perkin later produced alizarin, which displaced the 
natural madder. 

Perkin, later to be known as vSir William Perkin, received many medals. In 1906, 
a meeting was held in London to commemorate the 50th anniversary of the founding 
of the coal-tar industry by Perkin. Emil Fischer came from Germany to present Perkin 
with the Hofmann medal, Haller from France brought him the Lavoisier medal, and 
later that year he was invited to the United States to receive the American Chemical 
Society's first Perkin medal. In 1956, the Perkin Centennial was celebrated in New 
York City. A distinguished group of European and American experts discussed the 
economic, social, chemical, psychological, historical, and commercial aspects of color. 

One may wonder why Perkin is so well remembered in comparison to others who far 
surpassed him in brilliance and fundamental scientific discoveries. It is probably be¬ 
cause he symbolizes chemical progress through the union of basic and applied research. 
Perkin’s discovery stimulated research in coal tars which led to a vast chemical store¬ 
house. Alany diverse commodities are produced from the dye intermediates, such as 
explosives, perfumes, artificial flavors, anesthetics, solvents, lubricants, inks, lacquers, 
plastics, and medicinals. Thus, the fabulous coal-tar industry is a boon to mankind, 
rarely equaled in history. 
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A good example of how Buecese may depend upon fortuitouB timing is the fact that 
Ferdinand Runge (1794-1867), professor of chemistry at the University of Breslau, 
was the first to prepare a dye from coal tar (1834), and the first to isolate aniline, 
phenol, pyrrole, and quinoline from coal tar. The significance of his work was not 
recognised. This was due, perhaps, to the fact that little was known about coal tar 
and the structural theory of organic chemistry had not yet been developed. 

Shortly after Perkin’s discovery, the English made a serious mistake in 
policy. England and France had rigid patent laws to protect their natural 
dye products, while Germany had loose patent laws. Also, German researchers 
and manufacturers received government favor. Consequently, research and 
industrial production flourished in Germany. Chemists and manufacturers, 
including scientists of Hofmann’s caliber, left England and France for Ger¬ 
many, and soon the German dye industry had a monopoly on the market. 
Their synthetic methods were patented in foreign countries or held in secrecy. 
Industries could not get started in other countries because Germany con¬ 
trolled the dye intermediates. In order to prevent internal competition trou¬ 
bles, the six largest German companies formed a cartel, known as the world- 
famous I. G. Farbenindustrie. 

When World War I broke out, panic swept through the Allied countries, 
because they had been importing 90 per cent of their dyes and intermediates 
from Germany. Frantic efforts were made to produce dyes, explosives, and 
drugs from coal tar. One of the first dye manufacturers in this country checked 
information in tw'o German textbooks and found the reactions so baffling that 
the first batch of indigo came out yellow-green instead of deep blue. 

After the war, the German cartels w'ere temporarily broken, which gave 
American companies an opportunity to get started. This changed the com¬ 
petitive status of the industry. Dyes are still imported chiefly from Germany 
and Switzerland, but the major portion of dyes used in the United States are 
American-made pigments. In 1955,36 per cent of all dyes made were azo dyes, 
24 per cent were anthraquinone vat dyes, and 9 per cent were indigoid dyes. 
Modern-day materials can have as many as 70,000 shades. One company alone 
makes over 800 different dyes, offering the customer a choice, for instance, of 
more than 120 reds, 50 yellows, 145 blues, and 70 browns. Synthetic dyes 
have done what natural dyes failed to do, namely, give bright, fast colors 
to plastics and synthetic textiles. 

27.4 OTHER USES OF DYES 

Dyes are used in several ways other than for dyeing fabrics. They serve as 
indicators for the control of chemical processes and are used for staining 
biological substances, printing inks, color photography, and medicinals. A 
number of dyes have been used at times for certain physiological actions. For 
example, phenolphthalein is an extremely powerful laxative, Salvarsan (Are- 
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phenamine, in this country) is used to treat syphilis, and ProntosU (page 607) 
has been used against infectious diseases. 

STUDY EXERCISES AND PROBLEMS 

1. Describe the visible spectrum. 

2. What is the relationship between the colors of the spectrum and their com¬ 
plementary colors? 

3. What interaction or physical process occurs in molecules when they absorb light 
energy in the visible and ultraviolet regions of the spectrum? 

4. What are chromophores and auxochromes? 

5. Which compound in the following pairs would lye expected to have the deeper 
color, and on what basis do you make your decision? (a) CeHj—CH««N— 

C.Hft or CeHB—CH5CH2---N-»CH---Cah. (b) p-Nitrochlorobenzene or 
p-nitroaniline. 

6. Explain the fact that, although a buna S rubber molecule has thousands of 
C*=C bonds and phenyl groups, it is colorless, while 0—CH=*CH—CH=CH—CH»“ 
CH-CH=«CH^ is yellow. 

7. What volume of 10 N HCl would be required to convert 17.3 g of the color 
base of Malachite Green to its salt? 

8. If one diazotizes 17.3 g of sulfanilic acid in hydrochloric acid with an assumed 
yield of 80%, and to this he adds 12.1 g of N,N-dimethylaniline, what weight of dye 
can he expect to obtain if the coupling reaction takes place with an 80% yield? 

9. By what types of forces are dyes bonded to fabrics? 

10. Describe the methods of (a) vat dyeing, (b) mordant dyeing, (c) ingrain dyeing, 
(d) substantive dyeing. 

11. Name three dyes formerly or at present obtained from natural sources. 

12. What is the significance of Sir William Perkin’s discovery? 

13. Why did Germany have a monopoly on the coal-tar industry in 1914? 

14. In what ways are dyes used other than for dyeing fabrics? 

15. Give the structure of one member of each of the following types of dyes: tri- 
phenylmethane, azo, indigoid, phthalein, and quinoid. 

16. A chemist prepared a dye bath for ingrain dyeing and forgot how much naph- 
thylamine he had put in solution. How would you proceed to find out how much 
naphthylamine was in the dye bath? What quantity of chemicals would l>e required 
or produced, depending on 3 ^our method of analysis, if the solution contained 14.3 g 
of naphthylamine per liter of solution? 

17. With benzene as the only aromatic compound available, how can Malachite 
Green be prepared in the laboratory? 

18. The structures of the red and colorless forms of phenolphthalein are given on 
page 597. How do you account for the difference in color of the two forms? On this 
basis would you predict phenolphthalein to be red in concentrated sulfuric acid? 




chemotherapy 


The practice of medicine has been revolutionized by the phenomenal success 
of certain drugs, notably the sulfa drugs, antibiotics, steroidal hormones, and, 
most recently, the psychochemicals. Most present-day prescriptions call for 
one or more of these miracle drugs. It is interesting that 90 per cent of the 
prescriptions written today could not have been filled in 1935 because the 
prescribed drugs were unknown or commercially unavailable at that time. 

Infectious diseases are caused by certain agents foreign to our bodies usually 
given the unspecific terms germs or microbes. These microorganisms are of 
three types—bacteria, protozoa, and viruses. Bacteria are minute forms of 
plant life and produce such diseases as pneumonia, tuberculosis, diphtheria, 
and cholera. Protozoa are microbes of animal nature, causing such diseases as 
malaria, syphilis, and dysentery. Viruses are high-molecular-weight proteinic 
substances with the ability to reproduce when in proper environments. They 
produce such illnesses as measles, influenza, smallpox, polio, and the common 
cold. It is believed that the systems of microbes and mammals have the same 
basic type of metabolic processes. When a drug is administered, it probably 
interferes or ties up some substance indispensable to the disease germ, but 
not to the host. Thereby, the germ is killed, and the symptoms of illness 
disappear. This is the essence of chemotherapy. In addition, some ailments 
such as aging, hardening of the arteries, arthritis, and mental disorders are 
not caused by germs. Medical treatment has progressed much slower in this 
direction, but recent advances offer promise for the near future. 

28.1 GENERAL DESCRIPTION 

Chemotherapy may be defined as the use of chemical agents for the selective 
destruction of parasitic organisms within a host. The objective is to destroy 
the invading organisms without doing harm to the normal cells of the host. 
The practice of chemotherapy has two stages. One is the determination of the 
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structure of active agents in medicinals obtained from natural sources. A 
second phase consists of making minor modifications of the natural drug 
structure and correlating biological activity with chemical structure until a 
compound of optimum effect can be prepared. 

An excellent example of the first stage of chemotherapy is found in a World War II 
project. Recognition of the potential military importance of penicillin in the early 
IMOs led to a vast, restricted, international, experimental and theoretical investigation 
of its chemical structure and methods for its commercial production- Thirty-nine 
American and British scientific groups collaborated on this project. It took about three 
years of intensive, cooperative work to learn the chemical structure of penicillin and 
to produce it economically for commercial use. 

The second stage of chemotherapy is illustrated by the search for an antimalarial 
substitute for quinine. Shortly after Pearl Harbor, 90 per cent of the world's supply of 
quinine—the standard antimalarial-''-{ell into the hands of Japan. From 1941 to 1945, 
an extensive search and testing program was carried on at about thirty universities 
and several government and industrial laboratories. Tliere were prepared and tested 
almost 15,000 compounds, among which one or two good antimalarials wTre found. 

Another equally successful application of this second stage of chemotherapy was 
the development of the analgesic, phcnazodne, by K. L. May and coworkers at the 
National Institutes of Health. About 70 compounds related to morphine with various 
functional group and position alterations were synthesized and tested for their anal¬ 
gesic effect in mice. Promising compounds were then testcil at the University of 
Michigan for their ability to suppress withdrawal symptoms in monkeys addicted to 
morphine. These tests were followed for toxicity in various animals for periods of about 
three months. Compounds which still show^ed promise were tested exhxiustively for 
their analgesic effects in man at the Public Health Addiction Res(»,arch Center. The 
physiological and psychological addiction characteristics were determined in former 
drug addicts for six to nine months. Out of these tests, phenazocine proved to he better 
than morphine by being 5-10 times as potent and of lower toxicity and addicting 
properties. It is particularly effective in cases of extremely severe pain and offers the 
additional advantage of being capable of synthesis on a commercial scale. 

These examples illustrate the general approach of chemotherapy. Now it is 
being applied to the cancer problem. A vast screening program is being ad¬ 
ministered by the United States Public Health Service to find substances that 
will retard or stop the growth of cancer cells. In 1961 alone, 50,000 substances 
were screened and about 175 drugs were in various stages of clinical tests. 

28.2 THE WONDER DRUGS 

The impact which the sulfa drugs and later members of the so-called wonder 
drugs have made upon life can be vividly shown by two incidents which hap¬ 
pened a dozen years apart. In 1924, the son of President Calvin Coolidge 
blistered his heel while playing tennis, blood poisoning set in, and he died. 
In 1936, the son of President Roosevelt suffered a sinus infection. He was given 
a sulfa drug, his temperature dropped within hours, and he recovered. Thus, 
the dozen years that separated these two events marked a new era in medicine. 



CHEMOTHERAPY 


607 


ThankB to modern practices of medicine and surgery, and particularly to the 
action of the wonder drugs, our health is better and we live longer. The 
formerly feared diseases, smallpox, diphtheria, lockjaw, blood poisoning, and 
others are almost obsolete now. Rarely do we see a quarantine sign. As late as 
the 1930s, pneumonia killed most of those it attacked. Today, a physician is 
reluctant to admit he has lost a patient to pneumonia. Within one generation 
the wonder drugs have reduced fatalities from scarlet fever by 96 per cent, 
from diphtheria by 96 per cent, from whooping cough by 97 per cent, and 
from polio by 95 per cent. An interesting paradox is that over the last 15 
years the life expectancy of the average American has been rising at the 
approximate rate of a half-year each year. At this rate, each year that we 
live we can expect to live half a year longer, or in other words, each year we 
use up only half a year of our lives. 

a. The sulfa drugs. The sulfa drugs are derivatives of sulfanilamide, 
HjN—^C*H 4 —SOiNHj. They were the first compounds found effective against 
the types of bacteria that produce tuberculosis, pneumonia, and diphtheria. 

In the early 1930.S, Gerhard Domagk was testing certain dyes for their effect on 
germs in mice. His daughter pricked her finger with a needle and infection set in. All 
attempts, even surgery, failed to stop the spread of deadly infection. Domagk, in 
desperation, gave his little girl oral doses of one of his dyes being tested. Her fever 
dropped quickly, and she recovered. Domagk had previously discovered that the dye, 
patented under the name of Prontosil, would cure infected mice and rabbits with no 
apparent harm to the animals. 



The work of Domagk and his co-workers attracted many followers. Two French 
Bcientists soon learned that Prontosil is degraded in vivo to sulfanilamide and that this 
is the active portion of the Prontosil molecule. In a few years, many derivatives of 
sulfanilamide were prepared and tested, the number reaching over 1300. As a tribute 
to his pioneering work in the field, Domagk was selected for the 1939 Nobel Prize in 
Physiology and Medicine, but Hitler prohibited Domagk from accepting it. 

Although other classes of compounds are active against bacteria, such as 
p-nitrobenzoic acid, arsenic compounds, and sulfones, the siilfanilamides are 
the most effective compounds with little toxicity. Several types of bacteria 
were found susceptible to sulfanilamide. Pneumonia, gonorrhea, some types 
of meningitis, blood poisoning, scarlet fever, tonsillitis, and sinus infection are 
just a few of the many that have been treated successfully: 
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Chlorothiazide 

(important ctBaa uf diureiic:aV) 



p,7)'-SulforiyIdjaniline 
(treatment of choice for leproey) 



Sulfadiazine 

(for meningococcal meningitis) 


Tolbutamide 
(for diabetes) 


b. Antibiotics. Not all microbes are harmful. ■Man could not survive if it 
were not for certain microbes. There are microbe.^ which decompose noxious 
wastes into harmless chemicals and return them to the earth. There are 
microbes in the mouth and respiratory tract that protect against infection, 
and microbes in the colons that produce vitamins. Alcohol and cheeses are the 
products of microbic processes. 

Just when it was becoming more evident that there are some germs resistant 
to the sulfa drugs, the potentiality of antibiotics was discovered. The term 
antibiotic means “against life.” Antibiotics are substances, produced by micro¬ 
organisms, W'hich inhibit the growth or destroy other microorganisms. 

The discovery and rise of antibiotics is an interesting talc. A British bacteriologist, 
Alexander Fleming, had been cultivating various bacteria in dishes. One morning in 
1928 Fleming noticed that the bacteria in one dish were normal except within a ring 
of blue-green mold, where the germs had all died. Fleming cultivated the mold, from 
which he got a broth. He found this solution, which he referred to as penicillin, to be 
very effective against pneumonia germs in mice, and in 1929 he published his results. 

kerning’s article received little attention until about ten years later. Aware of the 
success of the sulfas and inspired by Fleming's article, Florey and Chain at Oxford 
University set out to obtain a concentrated batch of Fleming's penicillin to try on 
human beings. After three years of hard work, they obtained a few grams of a brownish 
powder. 

On February 12, 1941, the first dose of penicillin was given to a human patient. 
A policeman in London nicked himself while shaving and got a blood infection. His 
face became covered with abscesses and he had a burning fever. Sulfa drugs were tried, 
with no success. An injection of penicillin was given to the dying man, and his tern- 
peniture dropped abruptly. He was on the road to recovery when the supply of penicil¬ 
lin ran out. Ilie infecl^n flared up again and the patient died. 

■ A diuntic is an agent used to increase the volume of urine. 
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Some monthB later, another batch of penicillin was tried on a boy with a strep 
infection that did not respond to any other treatment. The boy recovered, and the 
power of penicillin was proved. 

At the time, England was at war. Aware of the potential military value of penicillin, 
Florey came to the United States to seek financial and physical aid for its production. 
As stated before, a vast research program was set up between Canada, England, and 
the United States to find methods for mass production of penicillin and to learn its 
chemical structure for possible synthesis. Although it can be synthesized now, it is 
still produced in large fermentation tanks. 

Penicillin is obtained from the mold commonly found on stale bread, cheese, or fruit. 
It proved to be very effective against pneumonia, scarlet fever, wound infections, 
gonorrhea, syphilis, and many other diseases. However, it is not effective against 
tuberculosis. Fortunately, other antibiotics were found that may be used against 
tuberculosis, most notably, streptomycin. 
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At the time Florey was attempting to produce penicillin, Rene Dubos in the United 
States isolated an antibiotic from a bacterium. The antibiotic tyrothricin was too 
toxic for injection, although it could be used on surface wounds. Dubos’ work attracted 
a former teacher and associate of his, Selman Waksman. Waksman had been studying 
soil microbes for many years. Dubos’ success with tyrothricin prompted Waksman to 
examine his soil microorganisms for useful antibiotics. He and his assistants screened 
more than 10,000 soil cultures, among which 100 had possibilities. Ten of these were 
worthy of intensive study, and one of these, streptomycin, turned out to be highly 
valuable. This discovery was made in 1944, the year penicillin went into mass produc* 
tion. 

Streptomycin is particularly effective against tul)erculo8is, kidney infections, and a 
deadly form of pneumonia. The success of streptomycin spurred an extensive se^h 
for other antibiotics from soils all over the earth. It was like hunting for gold—anti¬ 
biotics were where you found them. We can see now some merit in the early practices 
of the Greeks who used warm soil, of the English medievals who used molded bread, 
and of the ancient Chinese who used bean curds to promote healing of wounds. Soon 
after streptomycin, there were found chloromycin, aureomycin, terramycin, and many 
others. Each had to go through an intensive testing program. Those which may be 
oeed for several ailments are referred to as broad spectrum antibiotics. There is con- 
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siderable overlapping among themi but each is usually superior against some specific 
disease. 

Antibiotics are not effective against viruses. Collectively, the sulfas and anti¬ 
biotics have markedly changed public health. For illustration, oompare the situations 
before and after the appearance of these wonder drugs. The decade 1935-1945 wit¬ 
nessed the most significant advance in medicine and public health in history, 


Disease 

Skin and blood infections 

Pneumonia and tul)erculo- 
sis 

Mastoid ear infections 

Syphilis and gonorrhea 

Endocarditis (inflamma¬ 
tion of heart valves) 

Meningitis 

Cholera, typhoid fever, 
and diphtheria 


Before 1936 

Probable loss of limb or 
life 

Among top killers 

Common, and usually 
cause deafness 
Prevalent 
100% fatal 

Almost always fatal 
Usually fatal 


After 1943 

High probability of quick 
elimination 
Rarely fatal 

Uncommon 

Quickly cured 
Over 60% of the cases re¬ 
cover 

Frequently curable 
Usually cured 


In general, the effect of chemotherapy [ipon public health in the United States has 
been to retire the infectious diseases as leading causes of death and make chronic 
diseases attending old age the major health problems. Thus, pneumonia and influenza 
combined were the second-ranking causes of death in 1930 but were ranked sixth in 
1960, and the patient's chances for survival had risen from 3 to 1 in 1935 to more than 
12 to 1 in 1956. It is estimated that chemotherapy saved 1,100,000 lives in cases of 
pneumonia and influenza alone in the 15-year period 1938 to 1952. Tuberculosis was 
the second-ranking cause of death in 1900 and by 1954 was no longer on the list of the 
ten leading causes of death. Syphilis has retreated to the point where some cities are 
considering abandoning the premarital testing program. Smallpox killed 60 million 
Europeans in the 18th century but is nearly nonexistent in the United States today. 

In contrast to these triumphs, cancer ranked eighth in 1900 as a leading cause of 
death and has ranked second since 1940, Heart disease ranked fourth in 1900 but is 
now first. The major causes of death in the United States in 1960 ranked as follows; 

let—^Diseases of heart and blood vessels 

2iid--Cancer 

3rd—Vascular lesions affecting nervous system (chiefly strokes) 

4th—Accidents 

6th—Certain diseases of early infancy 

6th—^Influenza and pneumonia 

Until major progress is made, I out of 10 persons in the United States will be hospital¬ 
ised for mental illness, 1 out of 4 persons will be treated for cancer, and 1 out of every 
2 persons can expect to die of cardiovascular diseases. In Asia, where there is a lower 
standard of living, the top killers are epidemic diseases such as tuberculosis, beriberi, 
malaria, yaws, and pneumonia. 

Antibiotics are not limited to medical usage. The addition of antibiotics to the feed 
of livestock hastens their growth so that they can be shipped to market in 10 to 25 
per cent less time. This saves nullions of dollars in feed and keep. In spite of all present 
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preservation measureei, one pound of food out of every four pounds spoils. Antibiotics 
retard spoilage, saving millionivof dollars, especially in countries with limited refriger* 
ation. 

c. HonBones and vitamins. It was stated in Section 22.6a that all biological 
processes are catalyzed by enzjrmes and that enzymes are complex protein 
molecules. Many enzymes need to be activated by vitamins or hormones. In 
fact, most vitamins and hormones are enzyme activators, although some may 
serve as direct catalysts for biological reactions. Some hormones are proteins, 
some are steroids, and a few are large amino acids. Some vitamins are proteins, 
whereas others are ordinary organic compounds. The only essential difference 
between hormones and vitamins is that the former are manufactured in glands, 
whereas vitamins are obtained from our food. Hence, they are both catalysts, 
found in our bodies in very small amounts. The amount of female hormones 
secreted by an adult woman in six months weighs about the same as a postage 
stamp. 

Hormones and vitamins activate or deactivate certain enzymes which, in 
turn, regulate certain organs and processes in our bodies. Consequently, hor¬ 
mones and vitamins have a strong influence on our physical and mental health. 
For instance, the thyroid gland produces a hormone that contains iodine and 
governs the rate at which the body produces energy. The pancreas produces 
the proteinic hormone insulin, which regulates the burning of carbohydrates 
as a source of energy. Adrenalin from the adrenal glands affects nerves con¬ 
trolling involuntary muscles, which permits us to put forth a sudden burst 
of action. The effects of vitamin deficiencies are quite familiar. Vitamin A 
is necessary for seeing in dim light, vitamin D for proper bone formation, 
vitamin C for keeping blood vessels strong, vitamin K for clotting of blood, 
and vitamin B for blood formation and other processes. The administration 
of certain hormones and vitamins has marked effects on our health, and they 
are used in the treatment of more than thirty diseases. 

The falling death rate and the consequent increase in the number of elderly persons 
in the United States have resulted in an increased incidence of arthritis. Twenty-five 
years ago there were scarcely any arthritis clinics; today there are hundreds. Among 
the four chronic forms of arthritis, rheumatoid arthritis is probably the most prevalent. 
The steroid cortisone has been very effective in relieving patients of the painful symp¬ 
toms of rheumatoid arthritis. The same effects are obtained with ACTH, which 
stimulates the adrenal gland to release cortisone. 

The initial commercial source of ACTH was the tiny pituitary gland of hogs, but 
it takes at least half a dozen of them to yield an average medical dose. More recently, 
inuufacturers have used the pituitary gland of whales, which is about the size of a 
chicken egg. 

, Homones sometunes do not kill the germs but only banish the symptoms, and the 
infection continues to grow. Since the discovery of cortisone and ACTH for arthritis, 
th^ hormones have found valuable applications in rheumatic fever, bronchial asthma, 
Bkin diseases, and other inflammatory duorders. Because of the frequent unpleasant 
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aide ^ects (rf cortisone, it has been largely supplanted by hydrocortisone and ottter 

d. Psychochemicals. About 160 years ago the French physician Philippe 
Pinel risked his life to change the treatment of the insane from confinement 
in prisons to medical care. Now, another revolution in the treatment of mental 
cases is taking place. With the aid of psychochemicals—substances which in¬ 
duce behavioral changes—psychiatrists can (1) stop some outbreaks of emo¬ 
tional illness at an early stage, (2) treat current cases more effectively, and 
(3) make "hopeless" cases accessible to therapy by reducing their anxiety and 
removing the barriers between patient and psychiatrist. For the first time, 
the upward trend in mental hospital cases was reversed in 1956. It is signifi¬ 
cant that the number of admissions has increased but the number of patients 
discharged has increased at a faster rate. Still, half of all patients in hospitals 
are mental cases. 

Like the antibiotics and the sulfa drugs before them, the psychochemicals have had 
a spectacular meteoric rise. Thirty per cent of all prescriptions written today contain 
some psychochemicals. The Indian biochemists Sen and Bose first reported the effect of 
Rauwolfia extracts on high blood pressure and various “manias’' in 1931, but the active 
alkaloid, reserpine, was not isolated until 1952. Since then, a score of alkaloids and 
synthetic drugs have invaded the market. Essentially, the drugs are tranquilizers 
(atara.vics); they do not cure, but they make the patient receptive to treatment of 
the underlying disease. One significant aspect of these drugs is that they indicate 
mental illness lias a chemical basis and can be countered chemically. 

Some early results are extremely encouraging. When injected with chlorpromazine, 
persons who had been maniacs for a year or more—patients who try to assault doctors 
and are admitted to hospitals “swinging from chandeliers that are not there"—soon 
quieted down and were content to lie down on their beds. They remained calm, fed 
themselves, ate heartily, and slept well. Among 77 patients, 37 went home for home 
treatment, and 27 improved somewhat. 

A different group of patients, in whom all approved treatments had failed to bring 
lasting improvement, were given reserpine and the normal psychiatric help. Among 
B2 patients, 59 were discharged, 12 showed varying degrees of improvement, and 11 
were unchanged. 

In a five-year study with 250 mentally retarded children—ranging from destruc- 
tioners and breath-holders to vomiters, teeth grinders, and head bangers—chlorpro¬ 
mazine was effective in relieving most of the symptoms in 40-80% of the cases. 

There are about 300,000 schizophrenics in U.S. mental hospitals, and after a stay 
of two years or so, their chances of being discharged are very slim. The new drugs 
have already changed this situation. A new mental patient entering the hospital in 
1932 could expect to spend 30 years or life there. Today, about two out of three of all 
new admissions are discharged in one year or sooner. 

The drugs are used with a wide variety of patients. They quell the bickering of 
senile patients, delirium tremens in patients subside abruptly, the agonising ^mptoms 
of withdrawal from narcotics—nausea, retching, chills, and weeping—are banished, 
and excited patients surrender meekly to medical or surreal treatment 

As one can expect, not all patients respond, and there are some serious, undesirable 
aide effects. About 3% get a form of jaundice, some acquire stooped poaturas and 
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woodea facial axpressioiu, and most suffer a decline in blood pressure. The most serious 
drawback of reserpine is that it induces mental depressions so severe that some patients 
have committed suicide. The latest formulations contain a substance added to counter¬ 
act the depresnng effect of reserpine without impairing its tranquilizing effect. Efforts 
to develop new antidepressants are as great as those in search of new tranquilizers. 
There are thousands of people plagued by a brooding sense of despair, guilt, fear, and 
insomnia. 

IndoMon, hexafluorodiethyl ether, has recently been approved by the Food and 
Drug Administration to replace electric shock therapy in treatment of acute depression. 
Indokion eliminates some of the undesirable side effects related to shock treatments 
and can be taken by patients who fear electric shocks. 

Serotonin, a hormone-like compound, is present in the brain, and an excess of it 
can block the ''‘nerve switchboards" in the brain and other parts of the central nervous 
system. An imbalance of serotonin may cause a mental disorder. It is believed that 
tranquilizing drugs affect the concentration of serotonin and other hormones in the 
central nervous system, but it is not completely clear how this is done. Several labo¬ 
ratories have started intensive studies on brain chemistry. 

The much-discussed population explosion has stimulated activity among 
many drug firms to find a cheap, oral contraceptive. The present world 
population, some 3 billion, is double that of 70 years ago and forecasts call 
for this number to double within 40 years. Unfortunately, the greatest growth 
is in poorer, less developed regions. Hope of slowing the population increase 
through drugs rose when in 1956 oral antifertility agents were found to stop 
ovulation. Most drug firms now are exploring a wide variety of substances to 
hnd an agent which is 100 per cent effective and has few side effects. Frequent 
side effects observed so far include nausea, midcycle bleeding, breast tender¬ 
ness, and weight gain. 

2B.3 MECHANISM OF DRUG AaiON 

In spite of the remarkable progress in chemotherapy, scientists are still in 
the trial-and-error stage of finding new drugs. One cannot sit down and plan 
the structure of a compound which would have a certain desired physiological 
activity. Only by testing compounds of various structures are new ones of 
partial suitability discovered. A slight alteration in the structure of a com¬ 
pound frequently nulliffes its action completely or, with continual use, un¬ 
desirable side effects may develop to prohibit its use. 

The situation is that the body is a highly organized, delicately balanced, 
dynamic system of physicochemical equilibria. Illness is an indication that 
some one or more equilibria in the total system have been disturbed. By 
medical treatment the physician may partially rebalance these equilibria, or 
by Burgery the surgeon may even bypass them, only to learn later that this 
has upset some other part of the complex network of interrelated equilibria. 
For instance, it was learned that 2,4-dinitrophenol interferes with the normal 
metabolism and causes the consumption of foodstuffs to be dissipated as heat 
rather than stored up as fat. This led to prevalent use a few decades ago of 
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2,4-dmitiophenol as a reducing agent, until several oases of cataract were 
traced back to its use. Thus, a disturbance in one place of the body’s balanced 
network of equilibria may cause an undesired upset in some other remotely 
connected part of the system. Much more needs to be learned about the steady 
state of this intricate system. 

This is extremely difficult to do, because any alteration of one part of the 
system causes a change and readjustment of many other parts of the system. 
A chemist can study the over-all metabolism of an organism—what goes in, 
what is present at any particular time, and what comes out—but rarely has 
it been possible to unravel the details of the intermediate steps. A crude 
analogy of the situation has been given as follows. Imagine a factory in opera¬ 
tion. A chemist on the outside could examine the in-going raw materials and 
the products coming out, and he could look through the windows to study 
some of the activities inside. But, there is much he cannot learn by merely 
looking in from the outside. Much goes on behind solid walls beyond his 
vision. He might break in to examine what goes on in any given room, but 
then the occupants may leave or stop working, and their relations with the 
rest of the plant may cease. 

In a similar fashion, chemists have been attempting for years to learn the 
mechanisms of biological processes. The advent of certain techniques since 
World War II has made possible tremendous progress in this direction. For 
example, the process of photosynthesis has been known for more than one 
hundred years, by which process the living cell transforms carbon dioxide and 
water into sugars in the presence of sunlight and chlorophyll. For almost 
ninety years, many unsuccessful studies were made to learn the sequence of 
reactions by which the carbon dioxide is converted into sugars. Many pro¬ 
posals were‘made, but these were hardly more than guesses, for it was like 
trying to tell from the outside what goes on in a closed box. Then, just after 
the w'ar there was the coincidental development of three powerful tools, and 
fortunately a group of scientists recognized their usefulness for attacking this 
problem. Thus, in order to determine the path of carbon in photosynthesis, 
Calvin and his co-workers at the University of California used radioactive 
carbon-14, obtainable from the pile at Oak Ridge; they used paper chromatog¬ 
raphy, first developed by the British Nobel Prize winners Martin and Synge; 
and they used autoradiography. As a result, they learned the sequence of 
reactions and compounds formed by which COi is converted into carbo¬ 
hydrates. 

When a drug is taken, it may have to pass through several physicochemical 
stages before it reaches its site of action. Thus, it may have to diffuse through 
membranes, pass from lipoid to aqueous or aqueous to lipoid phases, suffer 
degradation, or form weak complexes for penetration of cell walls. Any one 
of these steps may be the critical step, and if a physical process is the sig¬ 
nificant step, a correlation between drug action and the physical property 



CHIWOIHWAPY 415 

may be observed. For example, the anesthetic potency of most active agents 
have been correlated with oil-water distribution coefficients, the ability to 
lower water surface tension, and the vapor pressiu'e of their clathrate hydrates. 
This has led to some speculation about their mechanism of action, but still 
no proved theory has been established. At the cellular level, generaliza¬ 
tions have been found relating biological activity to membrane permeability, 
basicity, complex-forming ability, dissociation constants and pH, and thermo¬ 
dynamic activity. A vast amount of attention has been given also to relation¬ 
ships between the chemical constitution of a substance and its biological 
activity. A number of correlations have been found, referred to as structure 
activity relationships (SAR), but all are limited and frequently have excep¬ 
tions. A unified theory of drug action is far from being realized. One scheme 
by which more and more SAR success is being achieved is by studying the 
spatial shape of molecules. For example, it has been shown that the structures 
of several substances having morphine-like action are quite different when 
drawn on a plane. In the three-dimensional structures of the compounds, 
however, there can be found the same N-methylpiperidine system. In another 
example, it is possible to relate the insecticidal activities of a number of com¬ 
pounds (DDT, benzenehexachloride, their analogs, etc.) to their abilities to 
ht into a certain-shaped cavity. ‘ In another example, it has been found that 
the intensity of action of common parasympathetic stimulants is related to 
the size of the cationic head and the length of the group R in molecules of 
the type R—G'*'. The most powerful drugs have five atoms in R, and the size 
of G+ is close to that of —N+(CH8)«.’ It has been possible to classify the odor 
of hundreds of compounds on a basis of their having molecular shapes corre¬ 
sponding to one or more of seven primary odor receptor sites.‘ For instance, 
"globular" molecules like camphor, benzenehexachloride, hexachloroethane, 
and durene (1,2,4,5-tetramethylbenzenc) have a camphoraceous odor. 

The SAR idea was first expressed by Paul Ehrlich more than a century ago 
under his lock-and-key theory. It is now generally believed that drug action 
in most instances depends upott activation of receptors located in the surface 
of a cell. This surface may be regarded as a mosaic of "keyholes” formed by 
enzyme and other biological constituent molecules. Foreign molecules of the 
right size and polar distribution fit the keyholes selectively like a key fits a 
lock. However, other molecules of similar shape, but useless physiologically, 
may also partially fit a given keyhole. The molecule then blocks the entrance 
of a biologically active molecule. This may have an adverse effect (toxic) or a 
beneficial effect (medication), depending upon the nature of the molecules 
involved. This is the principle of competitive inhibition first demonstrated by 
(^^■) J. Miilliiu, ibid. 129, 118 (1965); R. W. Hummer and E. E. Konaga, ibid. 113, 653 

'H. R. log, tUi. 109, 264 (1949). 

* J. E. Amoore, J. W. Johnaton, Jr., and M. Rubin, Scientific American, Feb. 1964, p. 
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Quastel and Woolridge in 1928. For example, p-aminobenzoic acid, a part of 
a vitamin B molecule, is necessary for the survival of certain bacteria. Owing 
to the resemblance in size and electron pattern of p-aminobenzoic acid and 
sulfanilamide, the latter compound may fit into the enzyme surface normally 
reserved for p-aminobenzoic acid. This may block the metabolism of a disease 
germ, and it will die; thereby sulfanilamide exhibits drug activity. This 
explains why antibiotics are ineffective against viruses. Antibiotics work by 
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inhibiting some key enzyme, but viruses have no enzymes of their own. They 
use enzymes of the host. 

After Woods revived the principle of competitive inhibition in 1940, an 
extensive search was made in many laboratories for antagonists of known 
metabolites (antimetabolites). Within a few years, antimetabolites were 
known for most water-soluble vitamins and for many hormones and amino 
acids. This knowledge was of tremendous aid in designing the structure of 
new potential drugs. For one example, 6-mercaptopurine is an analogue of the 
nucleic acid constituent adenine (page 529). As an antimetabolite of adenine, 
6-mercaptopurine interferes with nucleic acid synthesis and has proved to 
produce a significant partial or complete remission of leukemia. 
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It is not necessary for the whole molecule of a metabolite or antimetabolite 
to fit the receptor site of the cell. Only a certain “active portion'' must fit 
tile major portion of the receptor site. The rest of the molecule may affect the 
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shape of the active moiety, and thereby partially determine the degree of 
complementariness of the lock-and-key coupling. This may modify the rate or 
intensity of response for a given compound. Use of homologous series of com¬ 
pounds has furnished information on the dimensions of active sites. In any 
event, it can be seen that this lock-and-key view may be applied to a wide 
variety of biological responses. Keep in mind that this principle implies that 
a molecule must also have the proper pattern of electron densities arising 
from formal charges, electronegative atoms, etc. For example, the nerve 
stimulating activity of choline esters and ethers is directly related to the elec¬ 
tron density on the ether oxygen atom. 

A good illustration of the application of this lock-and-key concept for find¬ 
ing a drug is provided by the development of a drug to repair the lesion pro¬ 
duced by nerve gases. It was found that the enzyme cholinesterase controls 
hydrolysis of acetylcholine which is involved in transmission of nerve impulses. 
Nerve gases get their lethal punch by damaging cholinesterase, thereby block¬ 
ing vital nervous activity. Years of research led Nachmansohn and Wilson 
to the notion that a good antidote would be a hydroxylamine derivative with 
a positive charge at a specific distance from the N—OH group. Such a com¬ 
pound, PAM, was designed, prepared, tested, and found to be 100 per cent 
effective against certain toxic nerve gases and insecticides. 


\ 

I i CH=N 
CH, \ 

OH 

P.4M 

2-Pyridine aldoxime methiodide 

Two major problems facing chemotherapists are side effects and develop¬ 
ment of drug resistance. No drug is completely free of producing undesirable 
side effects, although these side effects are sometimes negligible. Even aspirin 
cannot be taken by all persons without some unpleasantness. Penicillin nor¬ 
mally has a low toxicity, yet there are patients who are allergic to it. In fact, 
over twenty different types of side effects have been observed with penicillin 
treatment. It is not uncommon for streptomycin to produce dizziness, ringing 
in the ears, or even impairment of hearing. Reserpine often aggravates peptic 
ulcers or may cause severe depression and suicidal impulses, and other tran¬ 
quilizers may produce severe convulsions, an arched stiff back, or eye rolling. 
Administration of hormones or anesthetics to pregnant women may produce 
defected babies, and one of the worst was Thalidomide which was believed to 
be responsible for the birth of thousands of mongoloid babies. Many side 
effects are less common now, because doctors are more watchful for such 
events. Side effects arise from drugs because of individual metabolic differ- 
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ences. Hence, a drug is usually effective for no more than a large majority 
of the population. 

Frequently, a disease may be successfully treated by a particular drug, but 
after a given period, the drug loses its effectiveness, There are several theories, 
but it is not knorni conclusively why bacteria acquire this drug resistance. 
One method of diminishing this effect is to administer large doses in order to 
kill as many germs as possible in the firet treatment. The fewer the surviving 
germs, the slower are drug-resistant strains produced. Of course, too large a 
dose may be toxic. Proper dosage is important. Also, mixtures of antibiotics 
and sulfa drugs are administered to retard development of drug resistance. 
Nevertheless, a ceaseless search for new drugs must be made to supplant those 
which drug resistance has made almost useless. 

28.4 SUMMARY 

This chapter has not attempted to give the structures of a host of drugs or 
even to classify drugs. Instead, (1) it has pointed out how the phenomenal 
triumphs of chemotherapy have revolutionized the practice of medicine and 
extended life expectancy; (2) it has described how SAR and antimetabolite 
principles serve as guides in the search for new effective drugs; and (3) it has 
tried to show how the lock-and-key concepts of enzyme inhibition provides a 
fruitful picture of the mechanism of drug action. There is much more to be 
known about the mode of drug action and about biological processes. For 
instance, although aspirin is used more Avidely than any other therapeutic 
agent, its action in the body is little understood. Drugs are still sought and 
found by “test-and-see” methods. In spite of the vigorous search for anti- 
malarials, malaria disables more people than any other disease. About a third 
of the world’s population lives in malarial or previously malarial areas, and 
roughly 200 million are infected by malaria parasites with about 2 million 
lives being lost annually. Nevertheless, the fight continues with a spirit 
expressed by the words of Pasteur, "Science lives in successive solutions to 
problems of ever-increasing subtlety, approaching ever-nearer to the very 
essence of phenomena." 

STUDY EXERCISES 

1. What are three classes of microorganisms? 

2. What is meant by the terms, chemotherapy, antibiotic, psychochemical, anti¬ 
metabolite, SAR, and "lock and key" theory of drug action? 

3. What is one special use of each of the following; (a) the sulfa drugs, (b) the 
antibiotics, (c) the psychochemicals, (d) vitamin or hormone feeding? 

4. What are several physical and chemical properties of drugs that have been cor¬ 
related with their biological activity? 



Three-Hour Examination II 


Again, a three-hour final examination is given, with answers, so that the 
student may test his proficienesy. The larger sampling of material in the exam¬ 
ination than is found with any set of Test Questions gives a better indication 
of the student's over-all "carryover” or "takeaway” training in the course. 

I. How would you separate and isolate the five components in a mixture of dexlro- and 

lero-fromt-l,2-cyclohexane dicarboxylic acids, N-methylaniline, p-chloroaniline, and 
sucrose? Credit 15 pts. 

II. Cite in a sentence or two a contribution to organic chemistry associated with the 
following names. If it is for a reaction, an equation for the reaction will serve best. 

1. Wm. Perkin 4, Cannizzaro 7. Emil Fischer 

2. H. C. Brown 5. Sandmeyer 8. Beckmann 

3. R. W. Woodward 6. Kekul6 9. C. Hudson 

10. L. Pauling 

Credit 30 pts. 

III. What are the monomers or raw materials used in the production of: 

1. Orion 3. Teflon 5. Nylon 7. Silicone oil? 

2. Dacron 4. Plexiglas 6. Bakelite 

Credit 10 pts. 

IV. Explain the fact that acetone is essentially ketonic, ethyl acetoacetate is partially 
enolic, and phenol is not ketonic. 

Or— Cite factual evidence to show that steric hindrance may affect the chemical and 
physical properties of molecules. Credit 20 pts. 

V. Indicate the series of reactions you would use in the laboratory to prepare (a) m- 
fluorobenzoic acid starting with benzene and (b) compound I starting with any 
open-chain compound. 

(CH^C"^ I 

CHjOH Credit 25 pts. 
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VI. What weight of crude iron would be used to reduce 1 mole of m-bromonitrobenzene 
to f?i-bromoaniline in dilute hydrochloric acid, if the iron is only 80% pure? Fe 
55,9. Credit 10 pts. 

VIL In terms of resonance theory or molecular orbital theory, give the present concept 
of the structure of the benzene ring, and cite one piece of experimental evidence in 
support of this view. Credit 10 pts. 

VIII. How would you distinguish by qualitative test-tube experiments; 

1 . Starch from cellulose 

2 . Benzylamine from toluidine 

3. Cyclohexanol from phenol? Credit 10 pts. 

IX. What are: 

1 . Three advantages and one disadvantage of synthetic textiles compared to natural 
textiles? 

2 . Three commercial products from cellulose? 

3. Molecular sandwich compounds and inclusion compounds? 

4. Three changes in public health brought about by the use of wonder drugs? 

Credit 20 pts. 

X. In a reaction by which it was expected to obtain a trifluoromethyl ketone, CF 3 COU, 

there were recovered two isomoric products A and B (CbllBOFs). A and B each give 
a positive Baeyer unsaturation test, form 2,4-dinitrophenylh\'drazones, and give a 
positive haloform test. A has strong infrared ab.sorption bands at 1780, 1630 and 
3510 cm“^, and B has strong bands at 1730 and 1630 c:m"^ Assign structures to 
A and B and account for the infrared absorption bands, Credit 30 pts. 

TOTAL SCORE 180 POINTS 

ANSWERS TO THREE-HOUR EXAMINATION II 

I. In this mixture, there are two acids, two bases, and a neutral compound. The 
neutral compound is water soluble and ether insoluble; hence, either water extrac¬ 
tion or ether extraction of the mixture separate.s the sucrose. As a choice, let U!^ 
ether extract the mixture, leaving behind the sucrose. Then, the ether solution is 
extracted with dilute hj'drochloric acid to remove the bases. The aqueous phase is 
made alkaline, and the aminea taken up in ether. The two amines are separated by 
the Hinsberg method: add benzenesulfonyl chloride to produce the respective ben- 
zenesulfonamides. The mixture of amides is extracted with alkali, which takes up 
the amide of the primary amine in the aqueous phase. The two separated amides 
may now be hydrolyzed separately in mineral acid, and the reaction mixtures made 
alkaline to liberate the free bases. They are insoluble and may be separated from the 
aqueous phases by mechanical means. 

After the acid extraction to remove the bases, the initial ether solution will contain 
the opticaUy active acids. These may be separated by adding an optically active 
base—strjxhnine, for example. Two diastereoisomeric salts would precipitate and 
could then be separated by fractional crystallization from a solvent such as acetone 
or alcohol. Addition of dilute hydrochloric acid to the separated salts will release 
the organic acids. 

II. 1 . Perkin; Initiated the commercial production of synthetic dyes. 

2 . Brown was one of the first to obt^ quantitative measurements of the magni- 
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tude of steric effects, and he proposed the concepts of F-strain and fr^train to 
account for the relative basicities of amines. 

3. Woodward first developed the synthesiB of several important natural products, 
including quinine, strychnine, and chlorophyll. 

4. Cannizzaro: 2^—CHO + cone. OH” —> ^—COr + 0—CHjOH. 

5. Sandtneyer; 



+ Nz + Cu^ 


6 . KekuK"^, among many other things, proposed the first cyclic structure for ben¬ 
zene 



7. FiscluM-, among many other things, showed that proteins are made up of many 
amino acids joined through peptide linkages. Won Nobel Prize in chemistry in 
1902. 

PCU 

8 . Beckmann: 6—C—0' —► 0=C“—6'. 

II " I 

N N 

\ / \ 

OH H ^ 


9. Hudson: Proposed rule by which one can determine the orientation of OH 
groups in sugars. 

10 . Pauling: Determined the helical structure of fibrous proteins by X-ray dif¬ 
fraction mtULRuremeiits; largely responsible for the concepts of orbital hybrid¬ 
ization and resonance theory. 

III. 1. Orion: vinyl cyanide 

2 . Dacron; dimethylphthalate + ethylene glycol 

3. Teflon: tetrafluoroethylene 

4. Plexiglas: esters of acrylic and methacrylic acids 

5. Nylon ; hexainethylenediamine -|- adipic acid 

6 . Bakelite: phenol + formaldehyde 

7. Silicone oil: alkyl halides + magnesium -|- silicon (or silicon tetrachloride) 

IV. The summation of bond energies for acetone is greater than that of its tautomeric 
cnol, and so much so that the enol form is not detected physically. In ethyl aceto- 
acetate, an intramolecular hydrogen bond can occur which stabilizes the enol form 
sufficiently to be detected chemically. Phenol has the Kekul4 resonance, which out¬ 
weighs the greater summation of bond energies for the keto form to such an extent 
that the keto form is not detected by physical measurements. 

Or—Many examples can be given to show’ that steric hindrance affects the chemical 
properties of molecules. For instance, only aldehydes and methyl ketones add sodium 
bisulfite; benzoic and 2,6-dimethylphenylacetic acids may be esterified in alcoholic 
hydrochloric acid, but 2,6-dimethylbenzoic acid cannot; tetraphenylethylene adds 
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CI 2 slowly^ but does not add Br 2 ; and mesitylene will undergo a Friedel-Crafts re¬ 
action with methyl bromide, but not with /-butyl bromide. Two examples of steric 
hindrance affecting physical properties are (a) toward protonic and small acids, 
pyridine is a weaker base than trimethylamine, but toward a large acid like tri- 
methylboron, pyridine is the stronger base, and (b) tetra-or/fco-substituted biphenyls 
can be resolved into optical!}' active isomers, but the corresponding me/a- and para- 
substituted isomers cannot. (An explanation is not given here of why each of these 
examples demonstrates the effects of steric hindrance. A student’s answer need 
include only one example of the effects of steric hindrance on chemical properties 
and one example on physical properties. Then he should explain why these effects 
can be attributed to steric hindrance.) 


V. (a) Benzene to m-fluorobensoic acid; 



1 . OR“ ^ 1 . EtMgBr 

(b) Et02C-(CH2)5--CUEt^Tjj;^(ra^^ 


2. HiO^ 


CaH, CjAi 

^ / 1. Mg, CH.0 N / PXi 

CH,OH 


(CH.). C 


/ 


C,H, 


\ 


OH 


Br Br 



Therefore, Br-C,H 4 NO, + 2Fe -► Br-C,H 4 NH, + 2Fe« 

1 inol« 2(5S.B)| 


~(2 X 55.9)- 140g 
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VII. The structure of the benzene ring is regarded as a composite of the two Kekuli 
structures. Support for this view comes from the facts that (a) the bond distances 
are all the same, intermediate between normal C - C and C=C distances, (b) the 
measured heats of formation are greater than that calculated for any single con¬ 
ceivable Btniotural formula, and (c) Raman force constants of the carbon-carbon 
bonds of benzene are all identical, intermediate between normal C—C and C*=C 
bond values. If the structure were cither Kekul^ structure alone, then some bond 
force constants and distances should be that of a regular C=C bond, and some of a 
regular C—C bond. 

The molecular orbital picture is that of two inflated inner tubes, one on top of the 
other. They represent volumes in which there is an electron-cloud of tt electrons or 
ring current over the carbon framework of the ring. 

VIII. 1 . Starch gives a blue coloration with iodine; cellulose does not. 

2 . Toluidine gives a deep-red color with alkali and benzenediazonium ion; benzyl- 
amine does not. 

3. Phenol gives a purple color with aq. FcCb; eyclohexanol does not. 

IX. 1 . Advantages are tetisile strength, dimensional stability, and resistance to mil¬ 
dew; one disadvantage is the static electricity frequently picked up by synthetic 
textiles, 

2 . Cellophane, collodion, and rayon. 

3. Molecular siiiidvvich compounds are complexes of organic compounds and metal 
ions in which the ion is located between two planar organic moieties, and the 
bonding between the ion and the organic portions is by intermolecukr coordinate 
covalent bonding. Inclusion compounds are crystalline compounds in which one 
substance is trapped in the crystal cavities of a second substance. 

4. Four types of wonder drugs are the sulfas, the antibiotics, the hormones, and the 
psychochemicals. The first two have reduced deaths from infections and deaths 
from diseases such as tuberculosis, pneumonia, diphtheria, and cholera to less 
than 10 % of the 1935 rate. The hormones relieve patients of the painful symp¬ 
toms of arthritis. The psychochemicals calm maniacs and other mentally ill 
patients, permitting them to be treated more effectively by psychiatrists. This 
has greatly reduced the number of mental patients in hospitals. 

OH 

X. A « CF3 -CO.CHr CH=CH2 + CFr-C=-CH~CH=CH2 

B « CF 3 -CO- CH=CH-CH 3 

The infrared carbonyl frequencies are unusually high because of the large in¬ 
ductive effect of the CFs group. 



Summarizing Statement 


It can be seen that the chemical, physical, and to a limited extent the 
biochemical properties of molecules are understood in ternts of structural for¬ 
mulas. These formulas are gross representations of the electric charge distribu¬ 
tions of the molecules, for atoms are nothing nut assemblages of positively 
charged nuclei and the surrounding negatively charged electrons. In many 
cases, a single structural formula cannot be given for a compound which is 
consistent with all the observed properties, and a theory called resonance is 
employed. This is a concept in which the molecule is regarded as a composite 
of several structural formulas, the actual structure having a certain resem¬ 
blance to each of the proposed structures. For illustration, to account for the 
physical properties of ketones, such as dipole moments, carbon-oxygen bond 
distances, and polar character, and to account for the chemical properties, 
such as 1,2-addition to the C=0 bond and reactions involving the a-carbon 
atom, ketones are regarded as resonance hybrids of structures I, 11, and III. 

R—CHr-O-0, R-CH,-C—0-, R—CH—C—0 

1 I I 

R R H+ R 

I II III 

At the same time, it is realized that certain other structural features of 
molecules must be considered when using structural formulas, even when the 
concept of resonance is adopted. Thus, inductive effects, hydrogen bonding, 
and stehc'requirements are significant factors to be recognized. For illustra¬ 
tion, the large acid strength of trichloroacetic acid is due to the inductive 
effect of the chlorine atoms, and, without recognition of this factor, one would 
expect CCliCOOH and CHaCOOH to have about the same acid strengths. 
Due to the powerful inductive effect of fluorine, for instance, perfluoro ethers 
are such weak bases that they cannot be hydrolyzed in hydriotic acid and 
wilt not form stable salts with the strong acid BFj; perfluoro amides do not 
undergo the Hofmann degradation to amines; perfluoro secondary alcohols, 
(CiiFtii+i)iCHOH, are as acidic as phenols; and CFiI reacts with KOH to 
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yield CFjH 4- KOI instead of the expected CF>OH + KI. These physical and 
chemical properties are not predictable from the structural formulas without 
incorporating the inductive effect. 

Similarly, it has been shown that steric requirements markedly affect physi¬ 
cal and chemical properties of molecules. For instance, the base strength of 
certain amines toward various acids, the rate and ease of reaction of so-called 
hindered acids and esters, the barrier to 1,2-addition to C=C and 
groups in alkenes and ketones with large substituents, and the optical isom¬ 
erism of ortfeo-substituted biphenyls have all been explained in the text in 
terms of steric relationships. Also, the effects of hydrogen bonding on physical 
and chemical properties were pointed out on different occasions. For instance, 
the effects on boiling points, solubilities, steam distillability, enol-keto equi¬ 
libria, and adsorption of hydroxylic and amino compounds w'ere discussed. 
Hydrogen bonds may also affect chemical properties. For example, tropolone 
and dibenzoylmethanes have strong intramolecular hydrogen bonds which 



Enol structure of 
dibenzoylmetliane 


"tie up" the OH and 0=0 groups so tightly that the OH is not acetylated 
with acetic anhydride and the C==0 group does not form a Schiff base with 
even 2,4-dinitrophcnylhydrazine. 

So it is, the properties of molecules are interpreted and predicted in terms 
of structural formulas plus the concepts of resonance, induction, hydrogen 
bonding, steric relations, solvation, and molecular orbitals. This multi-effect 
approach has been called the "Modem Structural Theory of Organic Chem¬ 
istry." In studying organic chemistry, the student first learns the chemical 
and physical properties associated with the more common functional groups 
or classes of compounds. Slowly he learns to incorporate the effects of res¬ 
onance, induction, etc., and gradusdly is able to understand the behavior of 
organic molecules and even predict certain not yet measured properties. This 
familiarity with the behavior of organic molecules in terms of the modem 
structural theory of organic chemistry should be developed irrespective of the 
student’s future work, i.e., medicine, dentistry, agriculture, pharmacy, or 
professional chemistry. 

One might ask. Why must a premedical student learn so many organic 
reactions? This can be answered in the following way. It is not expected that 
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the student will long remember all of the reactions taken up in the one year. 
However, he takes up a fairly ^vide variety of reactions to give him a strong 
impression of the general behavior of organic substances, and solves a large 
number of organic problems of varying complexity to appreciate and acquire 
some skill in attacking problems in which certain data are at hand (symptoms 
in a medical problem) and one must use deductions and judgments in reach¬ 
ing a solution. After all, most of the reactions which take place in all living 
systems are organic. In recent years, medicine and nature are being investi¬ 
gated and explained more and more in terms of fundamental chemistry and 
physics. Some of the most outstanding recent triumphs over mental disorders 
have been through organic chemistry. Just os the organic chemist refers to 
reactions by name, i.e,, Friedel-Crafts’, Sandmeyer, etc., so does a physician 
refer to diseases, tests and treatments by name. A chemist need not specify 
all the reagents he uses in a certain reaction, he merely names the reaction 
and a given starting compound. Similarly, a physician does not cite all of the 
symptoms of a patient to another doctor, he merely gives the name of the 
disease. The experience and associations in elementary organic chemistry 
train the student to develop thought patterns useful for advanced organic 
chemistry as well as for medical or other careers. Of course, considerable 
supplementary material is also taken up, such as the uses, nomenclature, 
and commercial applications of organic chemicals. Some of this is necessary 
to provide an appreciation for the economic importance of organic chemicals 
and the important role which these chemicals play in our daily lives. This last 
aspect was emphasized in the introduction to this book. 

As a final statement, it is hoped that the student’s picture of organic 
chemistry is clearer than that of Friedrich Wohler when he wrote, more than 
a century ago, “Organic chemistry nowadays almost drives me mad. To me 
it appears like a primeval tropical forest, full of the most remarkable things; 
a dreadful, endless jungle into which one does not dare enter, for there seems 
to be no way out.” 



Answers to Test Questions 


Set 1 (page 62) 


1. Best answer; Isohexane. Other possible answers; 2‘inethylpentane; dimethyl- 
tt>propylmethane; ethyl-isopropylmethane; isobutylmethylmethane. 

2. Three carbon skeletons possible; just place the bromine atom on different 
carbon atoms: 


Cr“C*“C—C—C 
1 

Br 

1-Bromopentane 
(3 isomers) 


C 

\ 

C — C"— C—Br 

/ 

C 

UBromo-S-methylbutane 
(4 isomers) 



l-Bromo-2,2- 

dimethylpropane 


3. Three carbon frameworks possible; suggested answers are 



C Br 

\ 1 

C 

1 

C—C“C~~C"—C—Br 

C-C-C 

C-C;-CBr, 

1 

/ 1 

1 

Br 

C Br 

c 

(1,1-Dibromopentane) 

2,2>Dibromo-3-methyl- 

l,l-Dibroino> 


butane 

2,2-diinethyl- 


(10 isomers with this propane 
carbon skeleton) (2 isomers wHh this 
carbon skeleton) 


4. 



Neopentane 



Neopentyl group 


6. a, c, and g; b, e, and h. 

6, (a) CHr-C(CH,)r-CH(CH,)-CH^H^H, 

(b) CHiCHr-CH(CH,)-CH(CHrfJH,CH,)-CH,CHrf3H.CH, 

(c) (CH,),CH-CH,CHiCH, 

(d) (CHi).C-Cfl,CHi 
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7. 2,?>Dimethy)-3,3-dichloro>4*Mc-butyl>4-iBopropyl-5-n>butyl-5~i8obutyl^bro- 

mo<6-chloromethylnoDaae. 

CH, 

1}H, Cl CH, 

Br dlH, C^H—CH,—CH—CH, 

*■ H-C-CH,CH,-^ - i -CHr-CH-CH,-CH. 

Ill I 

Br CH C(CH,), CH,C1 



\h. 


H 

H:b:H H;N:H 

H:C:H 

ii 

ii 

HiO NH, 

CH. 

:0: 

H:F: 

H:0:8:0:H 

H:N:B:F: 

:b: 

H:F: 

H,SO« 

H,N-BF, 


.. .-P- 

0:N:. 

:q:- 

HONO, 


H:0:N: :0 


HONO 


10. Since C«/Cw 10, then if brine is used, the compound will not be as soluble in 
brine as in water and the coefficient will be larger. 


Set 2 (page 87) 


!■ The gas could be passed through chambers or tubes containing a substance to 
absorb the impurities but not react with methane. Thus, bases such as the metal 
hydroxides would remove the HCl, and drying agents such as anhydrous KOH, K|COi, 
(^aClj, etc., would take up the water vapor. 

2. No, because homologs do not have the same molecular formulas. 

3. (a) 2,2-Dimethylheptane could be produced by reducing a suitable alkyl halide. 

In this cose the starting compound could be one m which any of the hy¬ 
drogen atoms of the product has replaced a halogen atom, e.g.. 


CH,:-C(CH,)r-CH,CH^H,CH,CHr-X 

CH,-C(CH,)r-CH,CHrf3H,CH-CH, 



Jt 


ILA. 


CH|—C(CHi)i—CHiCHiCH|CHiCHi 
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(b) CHr-CH, 


CH, 

—I 


CH-CHr-CH, (o) C: 


CHi CHi 

—CHi —CHf—C— CHi 

(!;Hi (!;h. 

2 ,2,6,6-Tetramethylhexww 

Since these are B 3 rmmetrical alkanes, representable by the formula R—R, 
each one may be syntheused using any of the three general reactions given 
in this chapter. One half of the product molecule is designated R. 


6h, 

3,4-Dimethylhexane 


E.g.; CHi 

I 

CHi-CH|-CH-Br + Na 4 CH,-CHr 


CHi 

-iH^i 


CH-CHi-CH, 


electrolyiii 

CHi-C(CH|)t-CHr-CO,Na- ^ CH,-C(CHi)i-CH,CHr-C(CH,)i-CH, 

4. CH,CH,CH,CH,CH,CO,Na *‘"*"* ^ CH,-{CH,)r-CH| 

5. Start with straight chain carbon skeleton, n-heptane. Then work with six-carbon 
chain moving a methyl group around, e.g., 


C—C~C—"C—c—c 
I 

c 


C—“C—c—c—c—c 

2-Methylhexane 3-Methylhexane 

Now, take five-carbon chain and move two methyl groups around: 


i 


c-o-c c-c-c-c-c c—c—c—c-c 


i 




c 

c—C—^ 


C—c 


and fouiHsarbon chain to move three methyl groups around; 

C 

C—(!)—C“^ 

a 

The names are easily given by the l.U,C. system. 


0 , CHiCHi CH|CHr-Cl CH,CH,CHiCH, 
a 

7. CiHii; CioHn; C 1 H 7 to C,H,; CiH, to C|Hi; C«Hi to C 4 H 10 ; CuHn to CuHm 

8 . 4.5 liters excess Oi; 16.4 g H/). 

6 . 2.1 liters. 

10. 2.22JV. 

11 . C|Hu. (a) 2,3-Dimethylbutane; (b) n*hexane and neohexane; (c) 8 -methyi- 
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pentane, (a) will |ive ax dibromo derivatives; (b) rkhexane, 12, and neohexane, 7; 

(o)12. 

12. (a) 0.703, (b) 0.730, (c) 0.749. 

CH. 

CH—CH|—CH|—Br 

CH.'^ 

B 

14. If isobutyl bromide were used in a Wurts reaction, it would produce 2,5- 
dUnethylhexane. mc-Butyl bromide would yield 3,4-dimethylhexane. Comparison of 
the propertues of either product with that of the unknown would identify the unknown. 
One could compare their indexes of refraction, infrared absorption spectra, or some 
other physical property. 

16. Halogenation proceeds by a halogen atom abstracting a hydrogen atom from 
the organic molecule. The more electronegative is the group Z in Z—the more 
it pulls electrons from the methyl carbon atom, which, in turn, more strongly holds 
its electrons shared with the hydrogen atoms. This makes it more difficult for a halogen 
atom to pull a hydrogen atom from the carbon to bring about halogenation. 


18. CH| 

CH/^Hr-^UBr 




Set 3 (page 126) 

1. CH,CHr-CHCl-CHr-CH(CH,), 

2. 2-Chlorohexane, CHr-CHCl-CH,CH,CH,CH, 

3. 41% yield; 26.6 g Zn. 

4. (CH,CH,),C—CH-CH(CH,), 

5. With vapor pressure of HiO > 23.8 mm at 25* 28.1 liters ethylene; 28.1 kl. 


CH. 

H—C(CHi)r-CHiCH, 1 

6. (CH.).C-CH,^ (CH.),C+- — -► (CH,),CH -|- +6-CH,CH, 

Ah, 



H-CCCBOt-CHiCHi 


CH. 


CHi-“CH““CHr~A-~C^ 


HiCH, +1 
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7. (CH,)jC-CH, (CH,),C-CH, CHr-C-CHr-<>-CHi 


JV H; 0H| 

jHr-i-C 
(!;h. d^H, 


CH» 

CHi—C-CH,-i-CH, 

diH, (!;h, 

2r4|4-Trimethyl-l-pentene 
Minor product 


I CH, 

CHr-C-CH-i-CH, 

(!:;h. d:H. 

2,4,4-Triinethyl-2-peiit«De 
Major product 


8. 22.4 liters. 

9. By treating the sample with Bri/CCh dropwise and noting the rapid decolor- 
isstioB of the bromine solution, by treating the sample with dil. aq. KMnO* dropwise 
and noting the rapid removal of color of the permanganate solution, or by suspending 
a few drops of the sample in cone. HfS 04 and observing whether or not the drops 
dissolve. ITie alkene gives a positive reaction in all three cases, whereas the alkane 
would be inert. 

10. 25 ml. 


11. (a) CHrf3H,CH,Br-+CH,CH-CH, 

ilk 


Gi 


CHr-CHCl-CH,Cl 


WiftQ i UBr 

(b) CHr-CHOH-CH, —* CH,-CH-CH, CHr-CHr-CH,Br 


HOCl 

(o) CH,CH,Br=3CH^H,—►CH,C1-CH/)H 

£k 

Oil tbflD HiO/Zb 

(d) CHr-O-CHiCH,-^-Uo-C-CHiCH, 


in, 

aju. 

BrCHr-CH-CH,CH, 


d^H. 


baM HBr Nb 

(e) CHr-CHBr-CH, —► CHr-CH-CH» —► CHr-GHr-CHr-Br -♦ 

a (•ir) -a 

n>Hexane 

(f) CH,-CH--CH-CH,^CHi-CH-COr 

d:Hi d;Bi 

CH. 


i^botinlyiiB 
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12* Cr"^ Of C“C*C—C~-C 

Ah, Ah, 

If treated with oione, then HiO, the former alkene will give CH«—CnO + 

Ah, 

0™*CH—CHfCHa, whereaa the latter alkene would give CH|—GH«*0 plus 
0-"C—CHiCHi. By determining which aet of carbonyl products is produced (through 

Ai^ 

derivatives as will be shown later) one can deduce the structure of the original alkene. 

13. R - CH,-CBri-CHr-CH(CH,),orCHr-CHBr-CHBr—CH(CH,), 

8 - CHr-C*«C-CH(CH,), 

14. 683 g. 

CH, CH, 

15. Y “ (CH,),—CH—(!)—CH™A—CH,Br 

L 


CH. CH, 

X - (CH,),-CH-A-CH-A-CH. 

CH, CH, CH, CH, 

W - (CH,),CH—AH-CHBr—A-CH, or (CH,),CH-A—CH-d)—CH, or 

I 

Br 


CH, CH, 

(CH,)rf)H-<!>-CH-AH-CH,Br 
C C 


16. C—dj—0—c c—d)—C" 

U ‘ i 


HBr 


Anti- 

Markownikoff 


c 

>— (!) — c —I 

i 


c— Br 


Set4(p«gel37) 


c c 

c^-A-^>-c-<:-<)—d>-^ 

i i 


1. Pi^pene, methyUcetylene, water, acetic add. 

2. 12.61iten. 

3> (a) Pass tiie gases through an aqueous alkaline solution of KMnO,, which will 
oxidise the unsaturated hydrocarbons to water-soluble products, then pass 
the gas through a tube containing a drying agent such as CaCli, Na^^i, 
K|C0|, BaO, PiOi, or evra H^O*. 
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(b) Pass the gaaes through an ammoniaeitl oaprauB chloride Mlutioa to precipi¬ 
tate the propyne. 

4. IVeat a aample with ammoniacal ouproua chloride; if a precipitate ia formed, 
the compound ia 1-hexyne. In caae of a negative reaction, test for unaaturatkui with 
Bn/CCC or with aq. KMiii04. A poaitive reaction indicates l-hexene, and a negative 
reaction, a-hexane. 

5. 16.3 g. 

0. Treat the sample with maleic anhydride in ether. The 1,3-butadlene should 
undergo the Diels^Alder reaction and form a precipitate. 

7. (a) CHi-CHOH-CH,2^CHr-CH-CH,^CHr-CHBr-CH,Br 

KOH.b. 

Bn Cli-C»CH 


(b) CH,-CHr-CH=CH,- 


CHiCH,CHBr-CH3r 

1. NaNHiraam 


2. HCl aq. 


CHiCHiOiCH 


(c) CH,CHrf:H,CH,CH,Br-*CH/3H,CHrf;H-CH, 

A 

2? CH,CHr-CHrf:HBr-CH,Br 


ill, 


CH,CH,CHr-C«iri:H 
-CH- 
dlHi 


1. NftNHi 

2. HCl tq. 


MnOi" alBotfolyili 

(d) CH*CH,CH-C«-CHi-► CH/JH^-CH-COr 


CH. 

CH,CHr-i 


IH-CH-CH/JH, 
dlHi 


8. CHi—CH-C«mC-H 

I 

CHi 

0. Linear. 

CH, 

10. A - CHr-i-CHi B - CHi-CH—CH-CH-CH-CHi 

dlH, 

C - CHr-C-0-CHA)H,CH, or CHiCHi-C-C-CHrfJH, 


11 . 


rCHr-C-CH,1 7 * CHr-C-CH, 


CHr-Ci-CH 


/ 


L iH 

♦qrOHr-O-CHI 

L i AhJ 


J A 
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Set 5 (ptgB Ml) 

1. HOtC—(CH i) 4 —COOH. Used u one of the monomen for nuking nylon. 

2. No. 

3. fniM>-l,3'Dibroinocyclohexane. 

4. 2-Pentene would rapidly decolorise cold, alkaline permanganate solution and 
cold Bri/CCli solution. 1,2-Dimethylcyclopropane would decolorise the bromine uh 
lution but not the permanganate. Cyclopentane would not react with either reagent 
at a reasonable rate under these conations. 

5. The explanation is somewhat similar to the discussion on page 1S4 descrilnng 
the addition of bromine to this pair of acids, except that the hydroxylation is cii rather 
than (ran« and an inversion does not occur. 


8. CHr-CH 


OH OH 


r-i-iH-CH(CH,) 


I 


7. CHr-CHr-CH,-C-0 



0*C—CHf—CH| 



8. A <» aeopentane, B * cyclohexeaei C 1-hexyne 



10. 40.8% yae^ 24.0% ene, and 26.3% ane. 


\-COj:t“*““" CHOH 




CH 


-CHOH juiOi t CH 

(CHt)ii I ' * (CI^ii I 
-CHOH I CH 

^CH^ 


^ Bilteraativnibut lonfer route is; 
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appean tlw faitiMst downfidd (lowest r value) m the spectrum of methyl propionate. 

Set 7 ^aie 807) 

HNOr-^HiBOi Cb, F* 

hCA -=^CsHJ^0,^m4:iCAN0i 

lao* 

Bri, Ft HNOi. HdOs 

CiHf —^ ► CfHiBr > (o + p)-BrCiHiNOi 

Wr 

^ „ CHtBr. AlCU ^ HNOi. Hi80« , . « ^ 

CiHi . ^ CfHfCHi' '► (o + p)“HiCC*H 4 N 0 i 

2. By treating a sample with cold KMnOd aq. or Bri/CCU solution. In either case, 
the cyclohexene would react rapidly, evidenced by a disappearance of the color of the 
reagent, whereas the beniene would be unaffected. 

3. 20%. 

4. Et—CO—CO—H: Me—CO—CO—H: H—CO—CO—H - 1:1:1 


Each gives a different number of mono-substitution products. This fact is the basis of 
this direct method of distinguishing the isomers often used by early organic chemists. 

6. 1641 kcal/mole. 

7. When the OH* ion attacks the nitrohalobensene, the ortho or para nitro group 
can accommodate the negative charge as in the insipient structure 


xy. 


T1u 8 stsbiUsation of the reaction transition state lowers the activation energy which 
facilitates reaction. 

8. Its solubility properties and immediate reaction with Ag'*' indicates it is ionic. 
Hence, the CiKi'*’ ion is stable, presumably the tropylium ion. The isomeric bensyl 
carbonium ion is not as stable. 

(©)b,- 


GHrBr 

9. CiHt unsaturated with one olefinic bond. R gives CiHm, which must have two 
nn<s< R yields phthalic acid; hence it must have in its structure 


Adding the double bond and the second ring to fit CtHi, we get; 
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lOr pyridiMtboad atWttn m nagtehte. Pyirobi mm} ftHnwAiip Mui! tj nn.^ 

F otkiouA atioommodate 10 electrona in tiieir valence e^Ui u indicated by e. A ketone: 
oxygen ia more electeonegative than carbon and withdrawi the * eleetrona< 

S8t8(pitfeS80) 

CHiBr. AlCU Biii 

L (b) CfHf ' ■ ♦ CJgHiCHi —^ CiHiCHiBr 

(b) CJA^i^^CAEt^ (0 + pH31C3.H«E5t 

(C) CA S*i!£S; C|H.CH, (o + p).Br(yi|CH, 

_ Take p-ieomer 

aKMttOi. 

(d) CJU p.(CH,).CHC,H«CH(CH.). 

tMtt 

P-(CH,)rfJHC,H4CO,H 

KMnOt 

(a) C,K, CiHiCH, C,HiCO^ m-O.N-C,H.CO,H 

AlCli lh0D lW}d 

(0 


(take p-Momer) 
KMoOim.J 

oiFn 

.H.COJH*-—I 


P^,NC,H4C0JH 




2. Each phenyl ring of biphenyl hu a resonance energy esNntially equal to that 
of benMne and, hence, the total resonance energy of biphenyl is greater than that of 
benaene by an amount corresponding to the degree of resonance interaction between 
rings. This is small for the ground state of biphenyl. 

3- Heat the sample with sulfur; hexane undergoes dehydrogenation to liberate 
HA which has an odor easily recognised. Or heat the sample with a little alkaline 
KMnOf solution; the o-xylene will suffer sidC'Chain oxidation and decolorise the per¬ 
manganate solution. Or warm a few drops of the sample in cone. HA)4; the fl^xylene 
will undergo sulfonation and the product is soluble in sulfuric acid so that the sample 
fwms a homogeneous solution. 


v 






CHiX •» 

C,HiCH,^Beniene 


5. Oxidise the samples with alk. KMnOi aq. to the respective (tioaiboxylic adds 
and take the mdUng p<wts of the products. These m.p.'s differ sufficiently (ortho, 
281*; meta, 848*; para, 300”) to permit identification of the di<aoids, 
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6 . C.H|CH, :=+ C,H.CO,H C,H,CO,Na C.H,. 

7. (a) Cl», Fe, (b) CtHiBr + Na, (c) permanganate oxidation, (d) HNOj—H 1 SO 4 . 

8. Only c is optically active, since its mirror images are not superposable; a and b 
have symmetrical rings, which permits tlie mirror images to “fit" the same mold. 

9. Yes, stcric hindrance prevents rotation about the C.,—C. bond and the methyl 
group gets “locked" on either side of the phenyl ring. The two isomers are nonsuper- 
posable, which gives rise to optical isomerism. 



Br 


10. Of the three Kekul^ structures for naphthalene, the Ci—Cj bond is a double 
bond in two and a single bond in one, whereas the C:—Ci bond is a single bond in two 
and a double bond in one. Thus, the C|—C: bond has a greater resemblance to a 
double bond than the Cj—Ci bond. 

Set 9 (page 246) 

1. 0-C-C-Br^i?C-C—ci^nfC-C-C 

L 

2. Chlorides are cheaper to produce, chlorine being less costly than bromine, and 
also, chlorides are less reactive and more stable in air and sunlight than bromides and 
iodides, particularly the latter. 

Br 

3 . HOiC-H CHi-CHBr, 

I 

Br 

4. 4.48 liters. 

5. (a) Test for unsaturation with dil. KMnO. aq. or Brj/CCh, or test for ease of 
hydrolysis with AgNOi aq.; (b) test for ease of hydrolysis with aq. AgNOi at room 
temperature; (c) test for ease of hydrolysis with aq. AgNOi, the CHi=CH—CHiBr 
gives a precipitate at room temperature; (d) the unsaturated compound will deooloriae 
dil. aq. KMnOi or Bri/CCh solutions rapidly at room temperature. 

6. 100 ml. 

7. Since the dipole which arises from the resonance 

+ 

CHf-CH-Cl, "CHi-CH-Cl 

is in the opposite direction to that from induction (the effect of differences in electro* 
negativity), the observed dipole moment of vinyl chloride is less than that of 
CHiGHiGl, where only the inductive effect operates. 
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CH<Br, MaO«~ Bit, F« 

8 . (a) C 4 H, (WJH,CA COOE^ m-BrC^COOH 

AlCu 

(b) C,H, C,H,NO, 

(C) CJ!, CACH,p-H,CCACHiCl 


UCl 


3CHa.AiCti 


9. o-BrCJSiCHiCl ^ o-BrCJI«COOH. 





P-HiCC.H4CHK)H 

1. NmOH 


2 . NaOH» CaO 

T¥ e%r\ tt ^fSO* ^ „ ___ HNOl—H1BO4 ^ -_ 
fW^aNC|H480iH < " '' C«HtN0] < CsH^ , „ 

^ \ 2 ;h& 


C.HaJr 


10 , (a) l-Chloro-4-inethylcyclohexane would form a precipitate when gently 
warmed with aq. AgNOi, TH^hlorotoluene would not; or, p^hlorotoluene 
would form a yellow product when warmed with cone. HNOi, the cyclo¬ 
hexyl compound would not. 

(b) The toluene would be oxidized by aq. KMn 04 when boiled a few minutes, 
and the purple color of the reagent would be replaced by an almost black 
precipitate; or, the chlorobenzene would react with magnesium in dry ether 
and the magnesium would mostly disappear; or, fuse the sample with sodium 
metal, cool, acidify, and add Ag^ the chlorc compound would give a precipi¬ 
tate of AgCl. 

(c) Benzene hexachloride would hydrolyze enough in boiling water to give a 
precipitate with Ag*^. 


11 . No. No. 



Plane of Symmetry 


12 . Since p-dichlorobenzene is a nonpolar compound, the less polar the liquid the 
better solvent it will be for p-dichlorobenzene. The alcohol with the larger hydrocarbon 
fragment is the less polar; hence, n-propyl alcohol would be the better solvent. 


S^t 10 (page 292) 

1. Test for the OH group in the alcohol by dissolving it in an ether or hydrocarbon 
solvent and using ceric ammonium nitrate reagent or sodium metal. Sodium would 
form the white, insoluble alkoxide, whereas the ceric reagent would turn red. 

2 . (a) C-C—C—OH 55$ C—C—C “ C-O-C 

1 

PXi 2 Nb. 

(b) C—C—"C““OH C—C—C^X 

(e) 0-C-c 5f(>-C-C 5i? 
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(d) C-<3~C-X 7^C-C-C-C-0H 

3. 255 liters; 3730 liters. 

4. Because oxidation tends to take place where oxidation has already begun, i.e., 
C—OH carbon 

5. No, it would form a solvate. Use anhyd. NaiSO* preferably, but BaO or KiCOi 
will serve. 

6 . 0.701 liters; 0.488 liters. 

7. It is associated and behaves as aggregates of HiO (M.W. = Ig) or (H^O).. 

8 . (a) Treat a sample with excess Na and measure the volume of hydrogen gas 
evolved, (b) As in (a); or, measure the volume of cold, standardized Brg/CCh solution 
decolorized by a sample to calculate the quantity of n^hexene present. 

0 . (a) Use sodium metal or ceric ammonium nitrate to trat for the OH groups 
as in problem under 1. (b) Sodium propoxide is very soluble in pure alcohol, sodium 
hydroxide is not. (c) Use the periodic acid test for a 1,2-glycol; only the 1,2-peatanediol 
gives a positive test, (d) Use the Lucas test; isobutyl alcohol is a pnmary alcohol, 
isopropyl alcohol is a secondary alcohol, (e) Test for unsaturation with dilute per¬ 
manganate solution. 

10. 46; 92. 

11. 40H+ -I- 5Cr,Or“ -f- 3CH,CH,CH=CH, -* 10Cr+' 23H/) 


+ 3CO, + 3CHiCH,CO,H. 

12. 199 g. 

13. 9.2%. 

14. C,H„0,. 

15. 107 g. 

16. (a) 5CH,-CHj-C(NH,)=CH~CHOH-CO—COOH -|- 50H+ -|- 17MnOr 

-♦ 17Mn-« + 38H»0 + 5CHr-CH,CO,H + 5/2 N, -|- 20 CO, 

(b) 3CH,CH,C(NH,)—CH—CHOH—CO—COr - 3CH,CH,COr + 3/2 N, 
-1- 7(OH-) -I- 17MnOr -|- 12CO,- + llHrf) 

-|-17MnO, 


17. S - CH,-CH(CH,)-CH=CH—CH,CH, 

0 



- GH,^CH(CH,)—CH 


CH-CHr-CH, 


|,HK) 

CHr-CH(CH,)-CH-0 -|- 0—CH—CHr-CH, 

ibtn 

18. CHr-CHr-CHO -|- CH,CH,MgBr —*■ 3-Pentanol 

17.6 g » 0.2 mote 

0.2 mole C,HiBr - 21.8 g 
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19. The empirical formula and the lack of unaaturation indicate one ring in X. The 
IR bands show tihe presence of an OH group (secondary OH region) and absence of a 
carbonyl group. Oxidation occurs without loss of carbon to produce two acid groups; 
hence oxidation must have opened a ring. Possible structures: oycloheptanol, a methyl- 
cyclohexanol (Z-methyl, 3-methyl, etc.), a dimethylcyclopentwol, etc. 

20. MeOH: EtOH: CH,OH-CH^H = 46:60:02. 

21. On a basis of their molecular weights; HtO boils at a much higher temperature 
owing to association through intermolecular hydrogen bonding. 

22. (a) 2-Hexene, (b) 2-Methyl-2-hexene, (c) 2-methyl-3-hexene, (d) 3-methyl-2- 
hexene. 

23. No, the residue. The 95% aseotrope boils at the lower temperature to produce 
the distillate. 

24. Diethyl sulfide does not form hydrogen bonds and the S—H—8 bonds of 
sthanethiol are too weak to give a measurable association. Therefore the sulfide has 
the higher boiling point because of its larger molecular weight. Ethyl alcohol is associ¬ 
ated, whereas ethyl ether is not, and the association factor outweighs the larger molec¬ 
ular weight of the ether to give the alcohol the higher boiling point. 

25. H H Largely monomeric; 1,4 and 1,2 isomers associated. 



26. Note the formation of color when a de-aerated tube is heated; or note the 
freezing point decrease when the de-aerated tube is chilled. 

27. The phenol would give the FeCl« color test, the carbinol would not; or, the 
carbinol will give a red color in H1SO4, the phenol would not. 

28. Salt of a weak acid is basic, and the weaker the acid the more basic is the salt. 
Hence, the phenoxide will be the more basic or have the higher pH. 

29. (a) Phenol gives color with aq. FeCli. (b) Phenol gives color with aq. FeCU. 
( 0 ) Picric acid soluble in water (strong acid), phenol not very soluble in water at room 
temperature; or, picric acid forms a precipitate (molecular addition compound) in 
CHCh solution with most amines, phenol will not. (d) 3,5-Diinethylphenol, with ring 
positions ortho and para to the OH open, will react instantaneously with bromine to 
give a precipitate (the tribromo derivative), the 2,4,6-trimethylphenol will react but 
not so rapidly. 

30. 87.3 g. 

31. The t-butyl groups shield the OH from the base and from the ferric ion to 
prevent reaction, whereas the methyl groups in the dimethylphenol are not so large 
as to block the approach of the reagents. 

32. CCI 4 is the least soluble, because it is a nonpolar molecule and very slightly 
soluble in a polar liquid like water. The three electronegative halogen atoms in CHCli 
and CHBri increase the electronegativity of the carbon, which gives the C—H bond 
sufficient polarity to produce some hydrogen bonding of the C—H bond with water 
molecules. This is not large but does produce an increase in the solubilities of tiiese 
haloforms in water, which is a hundredfold m the case of CHCli compared to CCL- 
Since Cl is more electronegative than Br, the effect is larger for CHCli than for Clffiri. 

33. There is an intramolecular hydrogen bond in salioylaldehyde which lowers Pm 
aswdlaBi'M. 

34. An intramolecular hydrogen bond can be fommd when the OH is tyn to the 
double bond. This decreases ro—a as observed for III and IV. Hence, structun I must 
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have structure Ib. If structure I were hydrogenated, its vqh should be near that of II. 
Experimentally it is found to be 3618 



35 . One could measure the infrared absorption »^oh frequencies and the proton n.m.r. 
spectra in the r ■= 3.8-5.4 range. R and S would exhibit r values in the vinyl proton 
range, whereas T would not (which identifies T), and 8 would exhibit i^oh about 50 cm^* 
lower than R. Or, S is distinguished by i^oh from R and T (i^ob for S lower than that of 
R and T), and then R and T are distinguished by the n.m.r. t values. 

Set 11 (page 302) 

1 . If a symmetrica] ether were linear, it would have no dipole moment, for then 
the moments of the C—0 bonds would cancel each other. 

2. It dissolves in water and in ether by forming oxonium ions with the solvent. 
It is much more soluble in the water because the large dielectric constant of water 

+ — 

enables it to support ions, in which case the HaOCl ion pairs separate (ionize). HCl 
does not react with n-hexane or CCh, and since HCl is a polar molecule, it does not 
dissolve in the nonpolar solvents. 

3. n-Heptane. 

4. Ethers form a solvate with the Grignard agent through the basic oxygen atom 
of the ethers. Alkanes cannot do this. No, because a Grignard reagent would immedi¬ 
ately react with the alcohol solvent. 

5. Dioxane, b.p. lOr; 1,4-thioxane, b.p. 150''. 

Set 12 (page 333) 

1. A test for water solubility would identify acetone. Test with 2,4-dinitrophenyl- 
hydrazine to identify the aldehyde or ceric ammonium nitrate to identify the alcohol; 
(b) Tollens’ reagent to identify the aldehyde or iodoform test to detect the methyl 
ketone; (c) the iodoform test will identify the 2-hexanol; (d) acetone is water soluble, 
the other is not; (e) the iodoform test will identify the 2-bromohexane. 

3- 90%. 

4. (a) 3C|HuCHO + 2MnOr + OH" 3C,HnCOr + 2Mn02 + 2HsO 
(b) 8H+ + 3C.H,40 + CrA- 3C.H»20 + 2Cr+« -h THzO 

5. Molecular formula CbHuO, no aldehyde, methyl ketone; hence 2-pentanone or 
isopropyl methyl ketone. 

6 . ^pirical formula (CaHiO)., MW « 60 or a multiple of 60. 

7. Iodoform test positive for ethyl alcohol. 

8 . (a) Dissolve the acetone in water and recover by distillation; form sodium 

bisulfite addition compound of hexanal, filter, and recover heptane from 
filtrate as an insoluble liquid layer; regenerate hexanal with acid. 

(b) Extract ethylene glycol with water and distill off the water; isolate aldehyde 
through its sodium bisulfite addition compound. 

9. 32.4 g. 

than 

10. c-c-c-c + Mg + HC(OCJI,), ^ C-C-C—C 

ir iflo 
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17.2 ■ 0.2 mole product; hence, need 0.2 mole. 
2 <bromobutune » 27.4 g, plus 0.2 mole HC(OC|Hi)i - 20.6 g. 
11 . 30%. 


12. (n) G-C-O-CHO fc-C-C-^HiOH 

11,0 /HiBOi 

0--(>-C-C (>-C-C--C 

(!)H 

(b) C—C““C~CHO ■ C~0—C—C I C—C““C"‘*^ 

\ 11 

OH 0 

(c) C““C“—C—CHO I C—C—C—C 


I Bn. OH- 
lUieaHiO* 

C^-C- 


l-C-0 + CHBr, 


13. (a) C-C-C-CHO C-C-C-C-CH, 


i A, 


|AeOH, HMi 


C-C-C-C-CH, ^ C-C-C-C-CH, 

I dll 


^ ^ NtNHi « ^ ^ « 

C—C—C—C“"C ' C’““^““‘C-"C*bC 


ii’“* A 


(b) C-C-C-C-C —C-C-C-COOH 

I II a- 1 


^ HdJOH 

14. Uae ToUene' reagent to osddiie the CHO to a COOH group, or 4 CHO 

AnO HaO'^ 

^H—NOH ^ 4CN ^ 

16. The benaaldehyde undergoee autooxidation to produce COtH which then 
oxidues the other aubetance. 

16|. (a) I^ove.dCHO via ita aodium biaulfite addition compound and regenerate 
with diiuteiacid, extract the dCOiH from the ^NO, with dil. aq. NaOH and regenerate 
with acfifl. :(b) Extract Hie aalicylaldehyde and p-nitrophenol with dil. NaOH, re¬ 
generate with acid, and aeparate theae two compounda by ateam diatillation at throuih 
the aodium biaulfite addition compound of the aldehyde. The p-bromohenaaldehyde 
can be aeparated from the ketone via the aodium biaulfite addition compound of the 
akkliyde. 

17. 180g. 
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la (a) 


A: 


IH 


jni, rat. 

C-C-C-CHrf)H 


OH-. 


(b) 6-CHO + CHrf}HO::-=> r^-CH-CHr-CHO 


dU,OH- 


‘ L 


OH 


hm. 


1- 


HiO 


6-CH-CH,-CH0 —► 6-CH=CH-CHO 

Ah 


(c) (CH.), 


(d) 


OH 


c™o 

'CHr-€HO 


OH- 



0 



0 


OH- 


+ CH-CHr-CH, —► /'■''Np-CH-CH.CHi 


0 

H OH 


UA 


—CH»"CH—CHj HjBOi CH-CH,CH, 


«- 


H 

Zd, AoOH 






Ah 


(e) CHr-CHO CHr-CH-CHr-CHO CHr-CH-CH-CHO 


A 


H 


(f) CH,-CHO + 3H,C-^ (HOCH,)r-C-CHO S (HOCH,)«-C 


(g) CiHr-CO-CH, + CHr-CHO ^ C«Hr-C-CH-CH-CH, 


A 


CJIr-C-CH-CH-CH, 


(Ac,h.), 

(h) CHr-CO-CH, 2^ (CH,),C-CH,-CO-CH, 552; C-C-C-C-C 


A: 


H 


A A 

lfc~. 


C— 
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20, The 2,4480010' hu ihe larger end content because the enol can form an intra- 
mdecular hydrogen bond involvi^ a ux-monbered ring. 



CH, ^Ch/ \,H» 





The hydrogen bond stabilizes the enol and shifts the equilibrium toward greater enol 
content. The 2,5-i8omer could only form such a bond with a seven-membered ring, but 
such rings are not very stable, and therefore the more stable diketone tautomer greatly 
predominates. 

21. Two good routes are as follows; 


then 

HiO* 


OH 

+ R'Mgxf;;i /—si 
(CHOi 0-0 or (CHj). C-CH(CH,), 
R'Li 

R' - (CHi),CH— I SOCli. pyrldiDe 

S.P*--C(CHi)i'' 

Wiitig reaotioD 

(CHO, ■0=C(CH,), 


22. Bond angle strain in the Ci ring is partially reduced by forming the hydrate in 
which the carbonyl changes from ip’ to sp* hybridization. 

23. Benzoylacetone is largely enolic. The strong intramolecular hydrogen bond 
produces the substantial lowering of the and po-h frequencies. 

24. A has structure II and B has structure III. 

A: UV indicates C*>=C—C=-0; v “ 1714 cm"‘ (top C*=»0), 1670 cm~* (conj. C*=0), 
1624 cm~* (0*C), 987 cm"‘ (Irons C=C); n.m.r. doublet (coupling of a vinyl proton 
with 0 vinyl proton) and sextet (coupling of B vinyl proton with methylene H’s, and 
each split by coupling with a rinyl proton). 

B; Isolat^ has below 200 mp (except for low band near 280 mp of c < 50); 
V - 1718 cm“‘ (isolated O^) and 971 cm"‘ (Irons C—C). 

25. R: 1720cm“‘ (0-0). 8:1680cm-‘ (conj. 0=0); X* - 224mp (C—C-C-0). 
T: 3670 and 3470 cm"‘ (H-bonded OH groups), 1715 cm"* (C—^). V: 1770 cm"* 
(ester C=0), 1700 cm"* (conj. C=0), 1655 cm"* (conj. C—C). 

26. (CHr-CH),C-0. 

27. Steric hindrance by the ethyl groups of diethyl ketone prevents the bisulfite ion 
from reaching the carbonyl carbon atom, whereas in cyclohexanone, the carbon chains 
are hdd back. It is similar to the case of ethyl ether and tetrahydrofuran, in which the 
former is, very slightly soluble in water but the cyclic ether is completely soluUe. Also, 
the trigonal carbon of cyclohexanone produces some ring strain, which is relieved by 
the addition of the bisulfite to form a tetrahedral carbon atom. 
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H.C 


0 

I! 




CH« 


CH, 0 CH, 




0 

1 ! 


dSi \h, 
(!;h, d^Hi 

0 

H,d^ ^CH, 

nil—in. 


Set 13 (page 368) 

1. 6.43 g. 


0 


Af+. NH. 

2. C-C-C-C-COOH-►C-O-C-C-C-OAg 

I BHi ecu j-m j-m ^ 
I———► C—C—C—C—Br 
^ I KOH»q 

C-O-C-C-OH 

1. KCN 

PBri 2 

3. C-C-G-C-OH C-C-C-C—Br —»C-C-C-C-COOH 


4. 41.6 ml. 

5. 116. 

6. Heat with MnO and conduct anj' gas formed into lime water; any formic acid 
present would yield CO], which would form a white precipitate in the lime water. 
Or, treat a sample with Tollens’ reagent; any formic acid present would produce silver. 

7. (a) C-C-OH C-C-Cl C-C-COOH 

3. H/)* ^ lip, 

C-C-COOH 

L 

dU. 

(b) C-C-OH °^'^ »C-CHO 

i Qu- 

C-C-CNC-C-COOH 

Ah ■“ Ah 

8- No. Less BoluUe, owing to ionic strengths of the saturated solution (“salting 
out” effect). The organic acid more soluble in aq. KtOOi because the add forms a 
soluble salt. 
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9. (a) C-OH ^ C-X C~COOH ^ CClr-COOH 

thtD 

(b) C-C-OH ^5 G-C-X C-C-COOH 

I 2. HfO* 

2 


C—C-COCl 


'—\.A^X1 - 

I*’*' C-C-TOH 


i*‘ 


Steps 1 ftiid 2 

C-^C-C-COOH 


CHiNi 


1. 2KCN 

(C) C--C ^ C-C c-c 

II / \ 

X X CO,H CO,H 

(d) C-C-C-OH ^ C-C—COOH ^ C-C-COOH 

I 

1 

X 


1. KCN 

2. HjO^ 


C-C-COOH ^ 
ioOH 


HX 


|kOH.i. 


• C-C-COOHc— c-cooh 

I 

X 


10. Heat and pass any gas generated into lime water. A precipitate (CaCOj) would 
indicate the evolution of CO* from oxalic acid; hence, oxalic acid would contain carbon. 

11. 7.03 g; the same, two equivalents per mole. 

12 . (a) Heat the sample; oxalic acid yields COj, which will give a white precipitate 
with lime water. Incidentally, one is a solid, one a liquid, (b) Heat the sample; malonic 
acid would evolve CO« and form a precipitate with lime water. 


18. H-0-x\ 


- 0 , 


\ 

0 

0 

+/ 

H-O-N 

\-) 

/H-0-N>-0, 


0 0 

+ / T +/ 


0 - 


. . +/ 

Vi \ -0-N , 0-N , 0—N 

\ \ \- 

0 0-0 


+ H+ 


:) 


I + ^ (-0_N—0, 0—N-0-) + H+ 

\H-0-N-0- 


Hie resonance stabilization of the nitrate ion is greater than it is for the nitrite ion, 
which favors ionizatum of the former. 

G 

14. ^C-GOOH 

_/ 
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16. Relative ^trovegativitiee of Cl, H and CHi decrease in that order. Hence, the 
inductive rffect in CCUCOOH, CHtCCiOH, and (CHi)iC—COOH decreases the acid 
strength of these acids in the order given. On this basis, relative acid strengths would 
be (a) Cl-CHjCOOH > Bi—CH,COOH; (b) CH,-CHCl-COOH > Cl-CHr- 
CHfCOOH. 

16. Reduces ToUens’ reagent; therefore CHO. 

Na Hj; therefore active H, probably OH. 

Iodoform; therefore CO—CH| or CHOH—CH|. Cannot be the ketone, since it 
would have only two oxygen atoms and has already used two for CHO and OH groups. 
Ans.: C—C—C—CHO 

OH 


17. 294 g. 

18. 6CHa-► (o + pl-HiCCaHaSOaCl 

4|NH, 

o-HO,CCJl4SO,NH, (0, p)-H,CC.H«SOJh"H, 

fractionate for ortho ijM)mer 


19. C.H.OH o.HOC,H 4CHO — o-HOC.H,COOH 


then HiO^ 


then HiO'* 


o-HOCiHgCOzMe 


AciO 


'MeOH, HQ 

o-HOiCCeHdOCOCH. 


20 . Ethyl ether is more polar than petroleum ether and should make the better 
solvent for the polar benzoic acid. 

21 . The methyl groups and the CCIi group in 



block the approach of H*0 molecules or of OH“ ions from attacking the C«0 group 
for hydrolysis. 

22. (a) Test for unsaturstion; (b) test for formation of acetylide with ammoniacal 
cuprous ion. 


dil._ 

23. C—COOH C—C—OH C—CHO 

|Bn.P I II 

c-cooH o-co»Et c-c-c— co,h 

i HiSOi I 9. MiO^ I 

r Br OH 

juBr, ZdCI. 

C-C—C-COOH 
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C-C-C-C-COOH: 


o-c--c--c-coai 

‘ bI 

KOHiq. 


c—C-C-C— COOH 
/ II 


CMJ-O-C-COOH C-O-C-C-COOH + II 

Br 1“®' 

c-c-c-c-cooH 225:1 c-c-c-c-cooh + iii 

OH 


24. R-CH-^C - R-CH + CaO + HOH 
0*) (\ 0 
\V k 


25. Compound I should have a ungle methylenic peak, whereas II should have two 
—one a doublet and one a singlet. Also, II should have a —C—H triplet peak. 

Found: I, T -= 6.31 (s) 11, t ■* 5.45 (t) t - 6.47 (s) and 6.94 (d). Since 

the COOH groups are fairly close together in II, Kt is markedly reduced by the ioni¬ 
zation of the first carboxyl group, whereas in II the two groups act more or less inde¬ 
pendently and have K’s in the same order of magnitude. Found; I, K| and Ki 1.23 
X 10~* and 1.95 X 10"'', respectively; II, Ki and K] - 7.25 X 10“* and 1,23 X 10"‘, 
respectively. 

26. CHr-CH-(CH,),-C-0 
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Set 14 (pafe 868) 

1, Acet^ bromide would hydrolyze in cold water and give a precipitate with Ag* 
very quickly; bromoacetic add would react much more slowly. 

2.92. 

2. C—C—C-'-COOH + Bri + P —»C—C—C~OOBr 

L 


4. The poW character of the carbonyl bond CH|—C—0~ facilitates leactioo with 

A. 

a nucleophilic reagent. 

5. Titrate the mixture in ice water very rapidly to determine the acetic acid 
content. After an initial run is made, one can make a second run tminE the 
volume of base required within a few drops; then quickly titrate to the end point. 


a. c—c—c—c—c=o .5^54 c—c—c—c—c—o 




1. 2KCN 

o-c-BrSSSJc-cSc-ci.SSl.c-c.’''^^ 


^r ^r 


CWH ioOH 


SORkte . 


-C—Br 


i i iooH iooH iooH cooh 


0’^ 


0 0 


HO 

HO-f V-CH-CH,NHCH, 

16 (page 363) 

20^. 


a) CHr-€0-CHr-<X)0Et^S'CHr-C0-C(CH,)r-CO,Et 

OR- 

PH_pn_PH_rr 


Clij—CO—CH— (CHj) I 
>) CHiCOCB,OOiEt^^CHiCX>CH-CO.Et 

“■ Ah. 


C«H. 

HiO, OH- I 

CH,CO-iH-CO,Et 


OABr 

OH- 


C&--CH-<X),H 





it) CH*0()-<!HT-<X)iEt 225:5 CIW!0--C((W 

OR- 


H 

(CHKJHoJj-COOH 
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^(CJ 

lU).. 

JihMl 


OH- 
UmbHiO^ 


a. c-c-oH c-cooH c-coj:t 

CHi-OO-CHr-COiEt 

I 

C-C-OH 2 + C-C~X —C-C-COOH C-C-C-OH 

tkaHiO* 


C_c__^ HBrJ^ C—C-C C—C—C 


U 

H«Oi 


L 

III 


in 


1. KCN 

II ! 2 E!; c-c-c-ci c-c—c— cooh 


C-C-C-C—Br 2^ C—C—C—COH 
IV 


J 


UAlHi 


CH(CHi), 

1. lU, OR- I 

^ s. IV, ok' CHt-CO-C -COtEt 

(CH,),CH, 


CH(CH,), 

IliO* I 

—► CHr-CO-CH-CH,CH,CH,CH, 


4. HA) 


HCN 


H,C-CN H/:-COOH 

A UmdH« I 

H OH 


6. (k) Ethyl o-methylacetoacetate will enolise and diaaolve in aq. NaOH; the 
a,aMliinethyl eater will not. 

(b) a mineral ia a hydrocarbon; a vegetable oil ia a glyceride. The latter will 
hydrolyie in aq. NaOH and then diaaolve when diluted; the mineral oil will 
not. 

6. 244 g. 

7. 1.67 moles. 


1. Nk 1. Nk 

8. (a) CH,(COJ)t). CHr-CH(CO,Et), - 


CHAIi-CH-C03^ 

ia. * 


-HA-<>-COj;t 

dlOiEt 
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(b) cH.(C 0 »Et). 

CH. 

CHi I 

! I. N* 


I I. Nt 


3. tU)*, A 


CHr-CH, 


CH. Br 

-iH—(I;—c< 

i.Hu 


__A, KOH.J, I 

.1... CH|—CH.—O-C—COiH 


1. Na 
2 Cl* 

CH,(CO,Et), ^ Cl-CH(COJEt), 


CO,Et 

HO,C~CH—(CH,),COOH 2^ C1-C-(CH,),CN 

ioiEt 


Na 

Br(CH«)iCN 


(d) CHi(CO»Et), 


3. BrCCHOJSr 


CH(CO,Et), 

(in,). 


COOH 


:CH.). -^(CH.), 

CH-(CO,Et), (!xX)I 


n 1 for glut&ric acid 
n 2 for adipic acid 

(e) CHr-COCH.CO.Et^!^^^‘CH.-CO-CH-CO,Et 

"OCiHi j 

CHiCeHi 

^ n-~CiHTBr 

CH.CH.CHi 

CH,CH.CHr-CH-COJI 2^^ CH.-CO^C—CO.Et 

i / 

CH.CJ1. CH.CA 

I. KCN 

(0 C—C-OH ^ C—C—Br C—C—COOH 

C-C—C 4^ C—C—C—Br c— 

iHBr * I 


iHBr 

c-c-c 

L 
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o-o-OH 5522$ e-cooH 2*25 c-<x)^Jt 

HO I 


CJi 

CHr-co-i: 


-OCiHi 


I, 'OGiHf i 

H“"COiEt • CHji—CO—CHs—COiEt 

11 L t)CbHi 

CiHr^-n 

OH“. A 

COiEt —-t CH,CH,CH,-CH--CO,H 

I th«n I 

C,H7--i CH(CH,), 


UHj—CO"—i^ 


9. 96.2 g, if two steps are used. 

10. By taking two aliquots of the same material and testing one for an enol with 
aq. FeCli and the other for a ketone with 2,4-dinitrophenylhydrasine reagent. 

11. Slider. 

12. (a) The acetoacetate has sufficient enol character to give a positive test with 
aq. FeClt, but the malonate does not. (b) The a,a-dimethylacetoacetate cannot 
enolize, and hence it will not give a color with aq. FeCla» but the butyroylacetate, 
CHiCHjCHiCO—CH|—COiCHi, will, (c) Triolein is unsaturated and will decolorize 
aq. KMnOi or Bri/CCU solutions, whereas the saturated tristearin will not. 

13. 36 ml. 

14. 6.16 g. 

OH 

HCN I OH-, a 

16 . njCO —► H,C--CN —^ HaC^OiH 

than | 

OH 

CHiCO CHr-CO,H 251^ H,C-CO,H 

tbca H'*' 


L 


i. 


^ 1. Ni T 

CH,(CO,Et),riS—* 

3. HlO^ a 


16. n- > iso- »t-butyl alcohols; 

n-butyric > isobutyric > trimethylacetic acids. 


17. (CHOb 


"CO^Jt 
- CHi^—COiEt 


OR- 


(CH,)« 


HiO« 


■r . 

-CH-COJEt * 
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s. 

i.(C^ 


Br 


\ 


Br 


aNi 

__ 

COfR 

/ 

U«h 

dUvUoB 

(CH^ 

JD 

i“* 

\ 

COJl 

COOH 


(CHt). C 


V 


\ 


19. 


. CH|—il—0—C(H| 


20. Let C(Hii * Bi &nd CtHu ^ Hi. 



3et 16 (page 420) 

1. pH - 12 

2 . 


C3—0 0-0 



R - »ir-C»Hj 4,8 g RNHi for two Btep». 
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- KCK UA1B« 

3. RI —► RCN --► 


R-CHiNHi 


tar two Btept, get same yield. 

4. 60.3 ml. 

6 . 88 . 

6 . 1 . 2 %. 

7. 0.012 M. 

8. Diasolve in chloroform, extract the amine with 5% hydrochloric acid, and 
recover the amine by making the aqueous phase basic. Extract the octanoic acid with 
5% NaOH and regenerate the organic acid by acidifying the alkaline solution. Distill 
off the chloroform to isolate the 2-octanol. 


0. c—c—c—c—c 

il 


C-c_C-CO,H 

UmbH* 


HNi 


C-C-C-NH, 


10. Treat with nitrous acid. The primary amine will give off a gas, whereas the 
secondary amine will give a bluish-green oil; or, treat a sample with CHCli plus aq. 
NaOH. The n>pentylamine will produce an unpleasant garlic-like odor. 


HONOi 



(b) 


in-OiNCiH«NH] (prepared as shown in text) 


, HCWIO, O’ 

^ F*. H* + CuCN 

m-O JfC J-► m-H,NC,H4F-► m-FC 

a|hiO+ 

m-FcAcXliH 


(o) CA^CACH, 

AlCIi { 

m-CHiCtH 4 NOi (prepared as shown in text) 

CH. 

HOMO, y 

m-CHsCliHtNHi NsOAs, i 




TO nST QUBRQNS 


(d) CiH,^ CSaCH,^^ (0 + 

AlCIi HwOi I 

F«. HiO^ 
(pmoBlir) 


o 4 )iNC|H 4 NHi (aa prepu«d in text) 


|HONO.«> 
t HI 


i 


0-0.NCJI4I 



(e) Will couple p-XCtH^Ni^ with C»H,NHj, then replace the NHf group by 
the other X atom. 



CJI. ^ CaiCl (0 + p)^JJC,H,Cl 



(0 m<)tNCANH| (aA prepared in text) 

HONO. (f 
I tJMi CuBr 

m^CABr m-BrC ANHi 


Br 
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(f) 


„ „ HONOi ^ fti. HlO^ „ „ + _ SONO, 0* _ „ ^ 

C»H« CjliNOi "* CiHiNHi' G*H[^H 



NOt 


lJUO, 


-B0-(\~80iR 


OiN 


HONOi 

moT 


p-HOCiHiSOJl 


(h) o-O^C|H 4 l (as prepared in (d)) 
I KOH^i. 



(i) 


0 -O 1 NC 1 B 4 NHS (as prepared in text) 


1. HONO, 0* 
la. BFr 


Cu 


o-C6H4(NO0i 


(j) C«H|NH| (as prepared in (e)) 


|8Di 

2,4,6-BriC»H^H, 


HONO, 0 " 
UmuHJ^Oi 


1,3,5-BriC|Hi 


12. (a) Dissolve mixture in ether 




TO fEST QUKTIOH& 




(b) Dissolve mixture in ether 

latniitwltlidu. NiOH 




0$. pi 

HiO^ 

P-CICeHiOH 


ether phase 


aq. phase 

1 


HiO+ A 
then OH* 


p-ClCeHiNH, 



08O1CI 


then dil. NnOH 


ether phase 


i ether phase 
evap. ether + 
hydrolyze in 


p-ClCeH 4 NHCH, 

_]then OH- 


13. (a) CgH^NHaCl dissolves in H 2 O, and also would give a precipitate with Ag+; 
C1C6H4NH2 will do neither, (b) Treat sample with MONO at 0-^5 and pour a few drops 
into alk. naphthol; only CHaC 8 H 4 NHj would give red color or precipitate. 



15. Presence of the ions indicates that it ionizes, and neutrality shows that both 
ions, Cl~ and are ions of a strong acid and base, respectively. Hence, ^NaOH is a 
strong base, i.e., completely ionized in solution. 

16. 82 g. 

17. cyclohexylamine > N-methylaniline > aniline > p-nitroaniline. 

18. The more ' lectron-withdrawing are the substituents in the benzenediazonium 
nucleus, the more electrophilic is the ion and the more vigorously does it attack another 
aromatic ring. Hence, toluenediazonium ion would be a still more weakly coupling 
^K^nt than benzenediazonium ion. 


Set 17 (page 438) 


1 . 


(a) Therefore three carbons to work with, 

(b) Therefore probably an amide, imide, or nitrile. 


(c) Therefore amine is secondary, i.e., N 


/ 

r 

\ 
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(d) Hence the acid is fomie. Tlierefore, 


0 


A - H-C 

\-CH, 

I 

CH, 

2. 100 ml. 

3. N^N-Dimethylacetamide > N-methylacetamide > acetamide > acetic acid. 
Amides have a greater polar character than acids, and the N-alkyl amides have a 
larger molecular weight. 

4. Xa) The amid^ is water soluble. 

The ammonium acetate ionises upon dissolving and would give off ammonia 
immediately when cold OH~ is added. 

(c) Use the nitrous acid test given in the text to distinguish primary from 
secondary nitroalkanes. 

(d) Hydrolyze and test product for formic acid with Tollens’ reagent. The 
isocyanide will give a positive test, 

(e) Ethyl nitrite will hydrolyze in water and yield soluble products; nitroethane 
is inert to H^O. 

5. Nitromethane is a very polar molecule and therefore is insoluble in nonpolar 
liquids such as hydrocarbons. 

6. The ratio of polar (OH) to nonpolar (hydrocarbon) fragments in methanol is 
larger than in propanol, thereby making methanol the more polar liquid. It will there¬ 
fore be the better solvent for the CHiNHjCl salt. 

7. First write down the deductions which can be made from each experimental 
observation: 

A •“ CbHkOi— there arc five C's to work with; 

A + Na —♦ Hi“ at least one active H. 

Neg. lp2-glycol—no two OH's on adjacent C's. 

Pos. iodoform test— CHr-^HOH— or CHj—CO— structure present. 

No 2,4-DNPH— /. no ketone or aldehyde; hence have CHj—CHOH— and not 
CHr-CO-. 

CiHioO^ -j- AoiO -* CbH, 40 b— since the gain is 2(CiH|0), have 2 OH's. 

Hydrolysis —► C + D—A cannot be an amide because there is no nitrogen; nor can 
A be an eiherj since ethers do not hydrolyze in dil. acid; so we suspect A is an ester. 
Hence, C and D are alcohol and acid. 

C neutral—suspect it to be the alcohol. 

C gives pos. l;2-glycol test, so must contain two adjacent OH's. One OH arose from 
the hydrolysis. 

D acidic—/. suspect D is the acid. 

D changes color of believe it has an OH on side chain. 

D gives pos. iodoform and neg. 2,4-DNPH—must have CHi—CHOH— structure. 
Since D must have COOH and CHi—CHOH— structures, ibds accounts for 3 C's 
in A. 

C has at least 2 C’s of A (since it has 1,2-glycol group)—.*, all carbons in A are 
accounted for. Putting C and D together, one gets 


CH,—CH-COOH + CHr-CH, CH^-CH—C—0 

(!>H (!>H <!>H ni) (!>CHr-CHdOH 

D C A 
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Checking back, tbe stnicture for A woidd agree with the properties given in the 
pr(^leni. 

8. Treat the amido ester with cold nitrous acid which will replace the NHj by OH 
without appreciable hydrolysis of the ester group ocourring. 

9. No, because both compounds would distill with the steam in proportion to their 
vapor pressures near 100”. 

10. 168 g. 

11. Yes, the nitro acids would dissolve in the aqueous alkali and at least the oxidising 
agent would be a homogeneous mixture. 


AaiO TTaflOa 

12. CaHjNH, ^ CsHjNHAc ^ p-HO,SCeH.NHAc 

HONOi. 
HiSO. 


NO* NOi 




13. (a) (CHa) 2 CH --(CH*)r-'CH20H-^ (CHg)*CH-~(CH 2 ) 3 ~-CH*NO* 

It can be seen that an alcohol is to be converted into a nitroalkane containing one more 
Cn* group. So, plan backwards and recall that nitroalkanos are prepared from alkyl 
halides; that alkyl halides may be prepared from alcohols; that alcohols may be 
prepared by reduction of carboxylic acids or aldehydes; that of the chain-lengthening 
methods, either the aldehyde, acid, or alcohol may be obtained from the Grignard, and 
that the Grignard is made from the alkyl halide, which may be prepared from the given 
alcohol. This can be expressed by equations, where R » (CHg)*CH—(CHj)i— 


1. IliCO 

_ 2 . HsO* KRr. HsSO* KNOi 

ROH —► RBr —► RMgBr-> RCHrf)H-► RCH 2 Br-► RCH,NO, 

Of courR', several other routes are possible, for example: 

1. rjiiCon 

t)ATf ' r.iAIHi 2. eXi KNOi 

ROH —» RBr-» RCN-» RCH.NH,-» RCH,X-► RCII,NO, 

Or 

nr^TT Mb 2. ITiO* R'OH, H18O4 NFi 

ROH-- RBr —»RMgBr-► R—COOH-► R—COOR' —» RCONH, 


1. nc(OF,t), 

2. n«o« 


R-CHO- 






HONO 


|hX. ZnOi 


UAIH. 

RCH,NH, 


KNOi 

RCH,NOi«—R-CH,X 



TtXTIOOiC OF CHC^^Y 


(b) CH,-(CH,)«(X)--OCA ^ CHr-(CH,)r^ 

Here, e CHt (roup ia to be cut off. Of the weya to make a nitrile, one is from the 
alkyl halide and one from the amide. Among the degradation methoda, one changes 
an acid to an alkyl halide. Thua, a route ia suggest^, where R ■■ CHi—(GHi)i— 

R-CHr-COiCiH, R-CHiCOOH RCHsCOiAg RCH,Br 

A A 

KOII 

RBr RCOW^g A,NO.. NmoH RCHiOH 

KCN 

RCN [CH,-(CH,),-CN] 

Other routes come to mind, for example: 

R—CHf-CO,C»H, RCHiNHi RCOOH 


NIFi 


R-CH,-CON 


/ 


/Mri, \'>OH 




^RCOjAg-I^^^RBr 


KC.'J 

RCN 


14. H 

V 

/ \ 

COOH 

I 


V 
/ \ 


H 


COCl 


II 


H 


/ \. 


CON(CH,), 


III 


V 

/ \ 

IV 


H 


CHjN(Ca)s 


H H 

^C-CH, 

/ \ + - / / 

V VI VII 

1«. (a) (C,a)iC-NOH; (b) C,Hr-CON(CH,),: (c) CiHr-CONH,; 


CHiCH, 

/ \ 

(d) 0 N-CHi, (CH,)iN-CHr-CH-CHj 

\hiCH,^ 


Set IS (page 467) 
1. Jour 
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1* and T amines 
loH- 


e(Aer pAoae 

Use Hinaberg 
separation 


Ce'*'* is red color; therefore, ROH. (No 60H, since only four C’a) 
AeQ 

(b) C 4 HA —► CiHiiOi; therefore, one OH 

oxid* 

(c) A —► RCOOH; therefore, ondiiing CH^OH or CHO 

CH, 

(d) Therefore, B - C—C-C—COOH or CHr-CH-COOH 

I 

OH 

CH, 

Therefore. A - CHr-CH-CHr-CHO or CHr-cIlH—CHO 


i 


H 


Ah 


4 . A^B + C 

A 


B - HtO, insol., alkali sol.; therefore, acid RCOOH is the only structure for CiHuO, to 
give aaynunetric carbon: 


CH, 

CHr-CHr-AH-O-O 

B \h 


water soluble; therefore, CHrfJHjOH. 
Therefore, A - CHr-CHi-CH(CH,)-COAH,. 
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5. Elemental analj'ais and molecular weight determination would indicate the same 
molecular formula; hence, isomers. Hydrogenation would yield butyric acid in both 
cases, showing that they are merely cia-lrant isomers. The infrared spectra would differ 
essentially only in the region, exhibiting bands characteristic for cts in one case 
and for Irons in the other. 

6. (a) Hence, amide or imide. (b) Amine is secondary; therefore, at least two C’s 
are attached to N. Therefore, acid can have maximum of five C's, and only one 
structure with C, H, and 0 solely meets this condition: 

C 

I 

C-C-C-COOH 

0 

/ 

Therefore, C,H„NO = CH,CH,CH(CH,)~ C- N(CHa)„ 


7. (a) No plane of symmetry. 

(b) A = amide or imide. Also, part of A is CHa^-CH —COOH, only stracturc 

OH 

possible for asymmetric CaHgOa (optically active). 

C 

/ 

(c) Therefore, amine is secondary: N 

\ 

C 

0 

/ 

Therefore, A - CHr-CH-C 

in \-CH, 

CH, 

8. Since A is recovered from alkali unchanged, it is an acid, not an acid halide; 
hence, A • CHj—CH—COaH. Cl must be on a C for A to be optically active. 

1 

Cl 


9. (a) Case 3, n 5; active « 4, meso > 4, r » 2 

(b) Case 2, n - 6; active » 32, meso « 4, r b. 16 

(c) Case 1, n = 4; active = 8, meso ■= 0, r * 4 

10. Physical properties in general depend upon intro- and tnfermolecular forces. 
The intramolecular forces are certainly not the same in geometric isomers and often 
the difference in shapes will produce different intermolccular forces, e.g., pack dif¬ 
ferently in the solid state; hence, geometric isomers have different physical proper¬ 
ties. Optical isomers have identical interatomic distances within the molecules. Hence, 
they have identical intramolecular forces as well as intermolecular forces. Hence, they 
have identical physical properties except toward asymmetric environments. 
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HtNOH nd. / 

11. lUCO-► RiO-NOH -f R,C 

\ 


NH, 


R, - CH,, R, - CHiCHiCHr- 
R, - CH,. R» - (CH,),CH- 
Ri Ri or have no asymmetric carbon 

12. Compound 1 optically inactive, has plane of symmetry. Oxime optically active 
and resolved. 



Noniuperpoaable mirror images 


1.3. (R)-3-MethyIcyclopentene. 



H H 

l(Il),4(S) 1(S),4(R) 


15. No. 


Set 19 (page 609) 

1. (a) i * amide or cyclic imide. 

(b) Therefore, alcohol of four carbon atoms, has asymmetric carbon. Only one 
such alcohol -■ C—C—C—C. 

in 

(c) Iodoform test only confirmatory. Therefore, I -CH*—CHi—CH—CONHt 

2. Carbonyl; ketone; aromatic; acyl group. 2 possibly an ester; could be an amide. 
* phenol and NOt group, steam distillable, hence o-nitrophenol. J : still ketone; 
jnethyl ketone; acid. Therefore, o, m, or p.«cetylbenBoic aoid. Oxid. -* phthalio acid; 
therefore, 3 - e^CHiCOCACOOH. 
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COCH 3 



3. 5 « aldehyde; phenol or enol; two OH groups: 

CHO 



Need more information about positions of second OH group. One is probably ortho to 
CHO to give deep color in FeCh test. 


4. (a) Dissolve in ether 



aq. phase 
N-methylaniline 
N,N-diethylaniline 


exir«ct with dil. HCl 


ether phase 


] extract with 

make alkaline, ; 

take up in ether, 
add ^SOiCI 
extract with 
dil. HCl 

aq. phase ether phase 
o-nitrophenol, p-anisaldehyde, 
a^. phase ether phase p-cresol, 

p-ClCaH^COaH 


. in 

0 

w 


r”' 

N,N-diethylaniline 


\ 


toluene 

■bake witb lat. NaHBOi 


\ 


dlatUl EtiO, 
hydrolyte in 
acid, add OH- 


HiO*. 

■teain 

dietUl 



N-methylaniline 

distilUUe 



precipitate \fither 

phase 
IH.0^ I 

distill ether 


residue 

p-anisaldehyde 

o-nitrophenol p-cresol, 

p-CiC,H4COOH 

take up in ether, extract 
with aq. NaHCOi 


Tol 


iuene 


ag.vhaH 

jK^^blorobeasoic acid 



ether phate 
distiU ether 
I 

p-Creeol 



TO Ti^ Mr 

(b) &tradt with water 



p-Hydroxybensaldehyde d,(-Mandelic acid (Resolve by chemipal 

method, uaing; an opticwy active 
base.) 

(c) Extract with HtO 

/\ 
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5. Since the OH is o- and p-directing, expect the two products to be o* and p- 
ehlorophenol. o^lorophenol can exist as two isomers through intramoleculaj* hy¬ 
drogen bonding, and it gives rise to two OH bands. Irrespective of which way the 
0—H points in p*chl6rophenol, there results only one isomer; hence, only one band. 
Therefore A is the ortho isomer and B is the para isomer. 



6 . Vo-o ~ 1725 cm"* 
>’c-o-c ^ 1178 cm"* 
no i^oH 

di Pc-c 700 or 
tram pc-c 967 cm“^ 

6 


Pc-o 1680 cm”^ Pc»o ~ 1750 cm ^ 

Po-H 3640 Pc-o-c 1178 cm*^ 

vinyl Pc-c 910 
no PoH 


7 


8 


7. Xi. « 229 mM for a,|8-enone. v at 1665, 1640 cm“^ for C“*C—C—O. 
p * 3640 em*^ for single OH, sterically hindered OH. 

p » 1070 cm"^ for alkyl ether. 

8. First write down the deductions which can be made from each experimental 
observation: 


Na 

10 -p Hj. /. 10 has an active H, perhaps an alcohol, acid; or 1-alkyne (sC—H). 

10 insol. alkali, /. not an acid. 

10 decolorizes MnOr, unsaturated and with active H. 

Pb(O.Ac)4 

10 -> 11 + 12. Note that 11 and 12 together have the same number of O's and 

two less H’s, so 10 is probably a 1,2-glycol. 

Tolleitf' 

12 -► Ag, /. 12 is an aldehyde. 

12 decolorises MnOi", unsaturated. This gives us CbC—CHO, and to comply 
with the molecular formula, merely the cnrrei.t number of H's need be added. 
12 then, is CH,=CH—CHO. 

11 does not reduce Tollens’, .‘. not r.n aldehyde. II forma bisulfite addition com¬ 
pound; since it is not an aldehyde, II must be a methyl ketone. 

11 gives pos. iodoform test, has COCHi. 


II H|, has active H. Not enough O's for an acid; hence, may be OH. This 
gives for II; CHr-CO-CHr-CHOH--CH, or CHr-CO-CHOH-C,H,. 

Cm 

' 11 12, losing two H’s, hence have dehydrogenation. Thus, JJ is a diketone. Has 

a 

properties of an enol; thus is 1,3-diketone, CH.—CO—CHj—CO—CHi. 11 is 

CHir-CO—CH.—CHOH—-Clli and 10 has structure 


CH, 


CHr-CH-C] 


iHr-i—c: 


a-CH-CH, 



VWSWWS TO TIST QMfiSnOMS 


4d9 


9- 14 is oxidised to the 1,2-diketone, but a fraction of the product enolises and the 
two tautomers are isolated. Thus, J5 is the yellow diketone, has the IR band at 
1715 cm~*. i6 is the enol, gives a FeCli test, has IR bands for hydrogen bonded OH 
and groups and a C>™C band (1630 cm~*). 

CHO 

10. (CH,),CH—-X™ ~ 330 mM; vc-o ~ 1680 cm"* 




12. ~1776cm-‘. 

13, (a) CHaCH2C0CH2C02C2H6 enolic and soluble in aq. alkali, the other keto 
ester is not. (b) The first compound is an amine and soluble in dilute hydrochloric 
acid, the other compound is an amide and insoluble in the acid, (c) The first compound 
is an aliphatic primary amine and soluble in dil. aq. HCl, the other compound is a 
secondary aromatic amine and insoluble in the acid, (d) Glycerol is soluble in water, 
insoluble in ether. The glycerol triethyl ether has just the reverse solubility properties, 
(e) Pthalimide is soluble in cone. aq. KOH, the other compound is not. (f) Sodium 
bcnsoate is soluble in water, the acid is not. (g) Sodium benzenesulfonate is soluble 
in dil. aq. sulfuric acid, the sodium benzoate would precipitate benzoic acid. 


14. (a) QHsCOOH, H 3 N--CH 2 COOH, and NHgion. (b) CHr-(CH,) 8 -NH,, COi, 
NH., and HO,C~(CH,),-CH,. (c) (C,H,),CO and 

"OS' 

^ CHr-CH,-CO,H 

HOCH,CH,NH(C,H,),, and HOK^I-CH,. (e) 


15. (a) Benzyl bromide would give a white precipitate with aq. AgNOa at room 
temperature, the other would not; (b) Propylene glycol would give a positive 1,2-glycol 
test with periodic acid and AgNOa^q.; (c) Isopropyl alcohol is a secondary alcohol and 
would give a positive Lucas test in loss than 5 min; (d) The 1,1 isomer is an acetal 
and would hydrolyze in dilute acid and then give a 2,4-dLnitrophenylhydrazone, the 
1)2 isomer would not; (e) Phenylacetaldehyde is an aliphatic aldehyde and would give 
a positive test with Benedict’s reagent. 



HiCNH 

Compound 17 Compound 22 Compound 23 
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Cl 

NOi 




T 


Ach, 


Cktmpound 2d 

20 . IR shows conjugated and isolated C»C bonds, all cis. UV shows only two C»C 
bonds to be conjugated, not three. The n.[n.r. shows two allyl CHi methylenes, one 
bisallyl methylene, and six vinyl protons. 



21. CH,-CH-CH-CH-CH-CH-CH, 



22. 29 in bottle 1; JO in bottle 3; Ji in bottle 2. 

Set 20 (page 630) 

1 . Ten 

2. The amino acids are polar; hence, a polar solvent is needed. Hexane is nonpolar. 

3. (a) Mol. wt. - 273; (b) 40 ml; (c) 23.3 ml. 

4. Anion. 


Set 21 (page 668) 

1 . (a) Active <■ 32, meso » 0; (b) active » 8, meso » 2; (c) active « 56, meso 
- 8 . 

2. Four. 

3. 168 g. 
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(c) CiBiO H 

c 

H-i-OCH, 
H,CO-i-H 0 

H-i-OCH, 

lufiCU, 


5. 32.4 g. 

6 . 


H 0 H 

c c 

Manoose Galactose 

H 0 

V / J or 

C C-H 


Mannose Galactose 


L 


(d) HO H 

C- 

HO-i-H 
HO-i-H 
H-i-OH 

H-i- 

I 

CHrf)-C(C,H.), 


H O H 

c c 

Galactose Mannose 

H 

--- 

0 H \ 

/ Galactose 

C 

Mannose 


That is, either sugar unit can have an a or /9 anomeric structure. 

7. 32.6*. 

8. 66” from the sugar, 62.7* from the glucosides. 

9. 26*. 

10. The aldehyde content is so small that Schiffs reagent cannot detect this small a 
quantity but Tollens' and Fehling’s reagents are sensitive enough to give positive tests. 

11. ^cause the carbonyl carbon is already in the form of a stable bemiacetal and 
only one alcohol molecule will react. 

12. 32.6%. 


Sat 22 (page 671) 

1. Pyridine, like dioxane, dissolves in water because of hydrogen bonding of water 
with the hetero atoms and absence of any steric hindrance by groups near the hetero 
atoms. The hydrogen bonding between water and bensene or thiophene is too weak 
to bring about any appreciable solubility of these two compounds in water. 

2. K» ~ 10-“ 

3. a. 


4. 4. 




& 



m 


5. 
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Set 28 (page 681) 




Most likely 


2. (a) 



(b) In the aq. oxidation, the hydrocarbon probably adds two HjO molecules 
to give the di-tertiary alcohol preceding oxidative cleavage. 


Set 24 (page 692) 

1. Both are polyamides. 


2 . c—c—c—c c—c-=c—c c—c—c—c 


Br 


]^T 


2kcn/ 
C—C—C—C 


(Ijn (!:n 

1 

C—c—c*—c 


HiO* 

a 


Ng or 
UAlHi 




UAlHi 


th«n COi 

C-Q-C-C 


HiNHt 


CO,H ( 

30,H 

1 



C-C—C-( 

i; 

ioci ( 

|NH. 

Ijoci 


H,NCO-C-C-C-C-CONHi 


3. 278 ml. 

4. 25 ml. 

5. (a) Cotton would give the Moliech test, nylon would not. Supposedly, nylon 

would give the Biuret test, cotton would not. Nylon, boiled in acid, would 
release ammonia, cotton would not. Cotton boiled in dil. acid, cooled, and 
neutralised, would reduce ToUens’ or Fehling's solutions, nylon would not. 
(b) Rayon would dissolve in cold cone. NaOH, rayon acetate would not; rayon 
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acetate would disBolve in organic solvents like acetone, ethyl acetate, or 
methylene chloride, rayon would not. 

6. G-O-OH ^ C-COOH ^ C-CO,Et ^ CHj(CO,Et), 

i-OEt, 2CHiI 

CH, 

CH,-C-COOH 5^ (CH,)jCH-COiH (CH,)^(CO,Et), 

I tntD H 

Br 

CHp-C-C0,H —+ CH*-C-CO,R 

I HiSOi I 

CH, CH, 




APPENDIX^ 


The Solution of Mathematical Problems 
on Elementary Organic Chemistry 


A-1 HOW TO SOLVE PROBLEMS 

Every problem, whether it is to figure out how to get to work when the car 
will not start in the morning, or to determine how maity eggs at 60 cents a 
dozen can be bought for 3 dollars, or to calculate the weight of potassium 
permanganate that would be required to oxidize a given quantity of ethyl 
alcohol to acetic acid, is solved essentially in the same manner. One considers 
the answer, decides what specific fact will give the answer, figures out what 
is needed to get this fact, and in this fashion works his way back to the original 
problematic situation. This sets the shortest route from the problem or given 
data to the answer sought; for obviously, many quantities may be calculated 
from the given facts, but only a few of these will lead back to the answer. 
For illustration, the egg problem above is fairly simple. One quickly notes that 
at 60 cents per dozen, each egg costs 5 cents and, therefore, 3 dollars, or 
300 cents, will buy 300/5 « 60 eggs. Or, with equal rapidity, one may have 
noted that 3 dollars, or 300 cents, divided by 60 cents yields 5; hence, 5 
dozen » 60 eggs can be purchased. But, unconsciously what-was done? 
In the first procedure, it was noted mentally that if one knew the price of one 
egg, then one could get the answer by dividing 300 cents by the price of each 
egg. In the second route, it was recognized that if one knew how many 
“fiO^nts’s" there are in 3 dollars, he would know how many dozen eggs could 
be purchased. This exunple is easy for two reasons. First, one is very familiar 
with the units involved (dollars, cents, dozen); and second, the route from 
the answer back to the given data is short and easily picked out. 

For chemical problems, however, special effort must be made to keep in 
mind the rdationships between units, and usually one or more chemical 
princq>lM or laws must be employed to pass through the successive steps from 
the answer back to tiie given information. For example, to calculate the vol- 

' This appendix Is a revirion of a publication which appeared in 1951 in lithograph form 
n oollaborarion with Mn. Oladye Pinkney Labat 
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time at standard conditions of 5.6 g. of nitrogen gas, one uses two chemical 
principles to get from units of volume in the answer to the given data. First, 
one uses the relationship between weight, molecular weight, and number of 
moles, and then he uses Avogadro’s law (that 1 mole of any gas occupies 
22.4 liters at standard conditions). The route is charted now. Since the 
molecular weight of nitrogen is 28, and 

vr ~ i . . = number of moles 

Molecular weight 

then 

~ = 0.2 mole 

Hence, the volume is 0.2 X 22.4 = 4.48 liters (1). 

Herein lies the benefit of solving problems. It provides exercise in the 
utilization of chemical concepts and principles. These chemical principles can 
be learned and understood, but, without drill in recalling them when needed, 
one does not learn to recognize or become familiar with their application. It 
is the same for a carpenter or machinist who may learn what his tools look 
like and the name and purpose of each, but it takes actual performance to 
learn the specific use and advantage of each tool. In solving problems, one 
becomes more adept in using the chemical principles involved which increases 
his alertness to their specific applications. It develops thought patterns within 
the student so that he acquires a subconscious logical approach to solving 
chemical problems, mathematical and nonmatheinatical. The more problems 
one solves, the more natural becomes the process of problem solving, i.e., 
how to chart a route back from the answer to the given information and invoke 
the necessary chemical principles. Since all problems, mathematical or other¬ 
wise, are handled in the same fashion, the training received in analytical think¬ 
ing from solving problems is extremely beneficial. Repetition makes many 
of the thoughts initially requiring concentration become spontaneous or men¬ 
tally reflexive. When confronted with a situation, if the situation is familiar, 
one reacts immediately without conscious effort. It is well known, for example, 
that the more often a mouse travels through a maze, the shorter the time he 
takes to find his way out. 

A-2 COMPOSITION ANALYSES, FORMULAS, AND MOLECULAR WEIGHTS 

In order to characterize a given compound, a chemist must know its com¬ 
position and molecular weight. From an analysis, one may determine the 
composition and, subsequently, the empirical formula. By one of several 
methods, the molecular weight may be found which may be used along with 
the empirical formula to determine the molecular formula. Of course, because 
of isomerism, the organic chemist requires a knowledge of the structural for¬ 
mula too. This is acquired from a study of the physical and chemical proper¬ 
ties, but is beyond the scope of this Appendix. 
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PrMm: Dy analysie it is found that a compound has the composition C, 56.25%; 
H, 3.9%; 0, 12.5%; Cl, 27.34%. What is the empirical formula of the compound? 

Sduiion: To find the ratio of carbon, hydrogen, oxygen,, and chlorine atoms in the 
compound, which is the empirical formula, divide the percentage of each element by 
its atomic weight. 

56.25 

—* 4.09 gram atoms of carbon 


= 3.9 gram atoms of hydrogen 


—■ = 0.781 gram atom of oxygen 
10 

27.34 

^r— = 0.770 gram atom of chlorine 

To get this ratio in w hole integers, as formulas are always expressed, divide each value 
by the smallest and l)ring up the quotients to the nearest set of whole numbers. Thus, 


Carbon 
4.69 . 


= 6.09 


If ydrogen 

o-fo"- 


O./^O 


Chlorine 
» 1.1 

0.770 


that is, 


(C4,»H8.vOo.78iCl().77o)n ” (C 4 


0.7.1/0.T70'-'*0.770/0.; 


= (C,.o,H.,o70..o,C1,.o). or (C.H.OC1). 

The small discrepancies between the values 6,09, 5.07,1.01 and the integers 6, 5, and 1, 
respectively, are due to errors in the experimental analysis. 

Sometimes a ratio w'ill be obtained such as 1.66:3.33:1. This cannot be 
placed equal to 2:3:1 because that would represent too large an error in the 
analysis. Instead, multiply the ratio by a small integer, such as 2, 3, 4, etc., 
until a ratio of nearly vrhole numbers is found. Here, for example, 

j(C,.«H,.„0,) = C,.bH..mO, 

= Ci.ogHo.ooOi 

The latter ratio is near enough to be considered as 5:10:3, or CiHuO|. 

Most organic compounds consist of two or more of the ten elements, carbon, 
hydrogen, oxygen, nitrogen, sulfur, phosphorus, and the halogens. The per¬ 
centages of the various elements are found in the following manner: in most 
cases, carbon is converted into carbon dioxide, hydrogen into water, nitrogen 
into ammonia or nitrogen gas, sulfur into barium sulfate, phosphorus into an 
insoluble phosphate, halogen into silver halide, and oxygen is usually found 
by difference. The illustration below will show how this device may be used 
to determine the empirical formula of a compound. 
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Prdblm: A 0.220^. sample of a compound which contained carbon, hydrogen, and 
oxygen gave upon analysis 0.6179 g. of COi and 0.124 g. of HjO. What is the empirical 
formula of the substance? 

Sciution: From their formulas, one knows that 12/44th3 of the weight of CX)] 
(mol. wt. “ 44) is due to carbon, and 2/18thB of the weight of HiO (mol. wt. « 18) 
is due to hydrogen. Hence, 

12 

— X 0.6179 = 0.1085 = weight of the carbon in the sample 
2 

~ X 0.124 « 0.0138 = weight of the hydrogen in the sample 

io 

Therefore, the weight of oxygen in the sample is 0.220 - (0.1685 + 0.0138) = 0.038 g. 
From these weights, the composition of the compound may be calculated. 

% carbon = X 100 = 76.6 

% hydrogen = X 100 = 6.27 

0 03K 

% oxygen = X 100 = 17.3, or 100 - (76.6 + 6.27) = 17.13 


If one wanted the empirical formula, these last operations would not be necessary, for 
they were, in effect, setting up a ratio of the elements by weight. If one divides the 
weights of carbon, hydrogen, and oxygen by the corresponding atomic weights and 
proceeds as above, he will get the ratio of gram atoms in the (compound. Thus, 

Co.mW/iaHo, 0138/ lOo. 038/18 — Co.O||Ho.OI»Oi).(JO' 2 « 


* Co .on^o.imwHg.oijiro.oainOu oa3'n;o.oo:is 

= c\ .Hs ,0, 


Hence, the empirical formula is C«HtO. From this formula, the theoretical percentage.^ 
of carbon, hydrogen, and oxygen are computed to be 76.6, 6.38, and 17.0, respectively. 

One may wish to determine the percentage errors in the analysis. From the 
formula for percentage error, 


% error 


difference between true and experimental value 
true value 


X 100 


% error in carbon analysis 


76.6 - 76.6 
76.6 


X 100 


0 


% error in hydrogen analysis 


6.38 - 6.27 
6.38 


X 100 


1.37 


17 3 — 17 0 

% error in oxygen (by difference) = — ' X 100 = 1.76 

Problm: A compound containing sulfur was analyzed and a sample weighing 0.22 g. 
gave 0.298 g. of BaSOg. What percentage of sulfur did the compound contain? 
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Solution; To determine the percentage of aulfur, one must know the weight of sulfur 
in the compound. According to the formula of B^O* (mol. wt. 233.4) 32/233.4 parts 
of the weight of BaS04 is due to sulfur. Therefore, 

32 

^ X 0.»8 - 0.041 r 

is the weight of sulfur in tiu* pr€‘cipitat(»d barium Ksulfatc. The percentage of sulfur 
in the sample is, then, 

n 041 

X 100 - 18.6% 


Problem: A gas is analyzed having the following composition: C, 81.8%; H, 18.2%. 
If 369 ml. measured at 22'’C. and 748 mm. pressure weigh 0.66 g., what is ito molecular 
formula? 

Solutiori: To get the molecular formula, one needs the molecular weight and the 
ratio of gram atoms of carbon to hydrogen. The molecular weight can be obtained 
by determining the weight of 1 mole of gas at standard conditions; hence, one corrects 
the measured volume of gas to standard conditions by use of the gas law. 


First, Ust the known values; then rearrange the equation to solve for the unknown 
quantity; and finally make Uic substitutions. 


Thus, 


Therefore, 


Pi •= 748 mm. 

Ti ■= 22‘'C. = 295'’K 
\\ = 369 ml. 

PiF, P,\\ 

Ti " T2 


or Vt 


Pi = 760 mm. 
Ti = 273'K. 

? 


V = 273 748 

295 ^ 760 ^ ^ 


336 ml. 


Since 336 ml. weigh 0.66 g., 22,400 ml. would weigh, according to the ratio, 

wt. 0.66 
22,400 “ 336 

wt. *■ 44 g. “ the mol. wt. 

One knows that 81.8% of 44 is the weight of carbon and that 18.2% of 44 is the 
weight of hydrogen. When the weights of carbon and hydrogen are divided by their 
respective atomic weights, one gets the number of gram atoms of each element present 
in 1 mole of the compound. 

Thus, ^ s 3.00 gram atoms of carbon 

12 


n 182 V 44 

- 8 gram atoms of hydrogen 

The molecular formula is then, CiHi. 
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PrMem: A substwce of molecular w^ht 180 has a compositioii of C, 40%; H, 
6^67%; 0, 53.33%. What is its molecular formula? 

Solution: As above, the percentage of each element multiplied by 180 gives the 
weight of that element in the compound per mole. Then, the weight divided by the 
atomic weight will yield the number of gram atoms per mole, or atoms per molecule. 
Accordingly, 

6 gram atoms of carbon 

12 gram atoms of hydrogen 

6 gram atoms of oxygen 
The molecular formula is tlien, CJIisOa. 


A iCHJ 
12 

0.0667 X 180 


0.5333 X 180 
16 


Molecular weights. The Victor Meyer method is one of the common meth¬ 
ods of determining the molecular weights of organic liquids. When a weighed 
amount of the liquid is vaporized, the volume of air that is displaced is a.s- 
Bumed to be equal to the volume of the vapor. 

Problem: In the Victor Meyer method of determining molecular weights, a sample 
weighing 0.152 g. displaced 54.9 ml. of air over water at 25‘‘ and 738.5 mm. pressure 
(the vapor pressure of water at 25° is 23.5 mm.). What is the molecular weight of the 
compound? 

Solution: The gas law equation, PV * nRT, is used, where n is the number of moles 
of compound and R is the gas law constant; in this case: 


V ^ 54.0 ml. 

T - 25°C. = 298‘’K. 
R » 82.1 ml.-atmos. 
n = 0.152/mol. wt. 


total pressure less the vapor pressure 
of water, in atmospheres 

738 - 23,5 715 , 


PV 


nRT 


or when rearranged, mol. wt. 

mol. wt. 


wt. X RT 
PV 


mol. wt. 


0.152 X 82.1 X 298 X 760 


715 X 54.9 


72 


Molecular weights of substances are also determined by ebullioscopic 
(boiling-point elevation) and cryoscopic (freezing-point lowering) methods- 
Both involve the same principles. For solids, a common practic.e is to measure 
the depression in the melting point of camphor. Camphor (m.p. 179“) is 
chosen because it has a large freezing-point depression constant of 39.7 
(depression per mole of solute dissolved in 1000 g. of camphor). If d is the 
decrease in the m.p. temperature in degrees C., u> is the weight of the sample, 
and g is the weight of camphor, then the molecular wei^t ilf can be calculated 
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from the formula 

39.7 m; 1000 

M - - - 

gd 

Simple substitution can be made in this equation for a given problem and need 
not be illustrated. 

Functioiial group analyses. Most quantitative analyses are based on some 
reaction which is characteristic for a functional group present in the com¬ 
pound. For instance, the amount of a given aldehyde in a sample may be 
determined by weighing the amount of cuprous oxide that is precipitated from 
Fehling's solution, or the amount of 2,4-dinitrophenyJhydrazone that is pre¬ 
cipitated from the reagent solution. The amount of primary amine in a sample 
may be obtained by determining the volume of nitrogen gas liberated upon 
treatment with excess nitrous acid. Such practice is very prevalent and may 
be illustrated by a couple of examples. These analyses are usually done 
volumetrically—i.e., involve titrations—and several examples are given in 
Section A-4b, 


Problem: A sample of a mixture of ethyl alcohol and acetaldehyde, weighing 0.535 g., 
precipitated 1.2 g. of cuprous oxide from Fehling^s solution. What was the percentage 
of aldehyde in the mixture? 

Solution: To find the percentage of aldehyde in the mixture, one must know the 
weight of aldehyde there. From the equation for the reduction of FehJing's solution 
with an aldehyde 

50H- + RCHO + 2Cu++ Cu^O 4- RCOO- + 


it ifi observed that 1 mole of aldehyde will produce 1 mole or 143.2 g. of cuprous oxide. 
Since the molecular weight of acetaldehyde is 44, one can up the ratio for the weight 
of acetaldehyde 


wt. 1.2 ^ 

iT “ 143.2’ 


wt. - 0.369 g. 


Therefore, the weight is found to be 0.369 g. and this amount of aldehyde was present 
to precipitate the 1.2 g, of cuprous oxide. The percentage of aldehyde in the sample, 
then, is 


100 X 


0,369 

0.535 


69% 


Problem: A solution weighing 10 g. and containing pentene was treated with bromine. 
The solvent was of a type which does not react with bromine. It was found that 14 g. 
of bromine had reacted with the pentene. What was the percentage of pentene in the 
Bolution tested? 

Solution: To det<Tinine the percentage of peiiUMie in the solution one must know 
the weight of pentene present. If one can find out how many moles of bromine reacted, 
he will know the number of moles of pentene that reacted, since bromine and pentene 
react mole for mole. 


14/160 - 0.0875 mole of bromine = 0.0875 mole of pentene. 

Therefore, 0.0875 X 70 « 6.12 g. of pentene (mol. wt. « 70). Hcncc, the percentage 
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of pentene in the 10 -g. sample is 

X 100 - 61.2% 

EXERCISES 

1 . < aleulati the weight of 1 1. of ethane gas at 0° ami 760 mm., ami iit 30° ami 

700 mm. l l llg. 

2. Calculate th(» volunu' of 12 g. of ethane at 35° and 750 iiim. pre '.sure. 

A ns. 10.2 1. 


3. Calculate the ompirical 

fiirmulaa of 

the following compounds from thi’ pcn (‘rit' 

age compositionB; 

C 

H 

0 

N 

s 

Ansu’cr 

66.0 

6.42 

14.69 

12.84 


(C 8 H 7 ON). 

41.9 

4.65 

18.6 

16.28 

18.6 

(CbHbSN^). 

50.82 

8.48 

40.66 



(CsHujOj)* 

4 . Quantitative analysis of an organic 

compound gave 

the following results: 


wt. of sample = 0.200 g. 
wt. of COa » 0.627 g. 
wt. of water » 0.256 g. 


Calculate the empirical formula of the compound. Ans, (CH 2 ),t. 

5. An organic compound contains 85.75% carbon. What is the lowest molecular 
weight which can be assigmKl to the compound? 

.In5. 28 (14 cannot be considered since 12 + 4 H’s = 16 
is the lowest molecular w^eight possible for a coni- 
pound of carbon). 

6. An alcohol that was isolated from a plant gave the following analysis; C, 64.4%; 

H, 10.7%; 0. 24.9% by difference. The molecular weight by the Rast metluxl gave 
values between 127 and 132. What is the best molecular formula, and what is the 
theoretical percentage of composition? Ans. Mol. form. = CrHuO;. 

7. A compound which contained nitrogen was anal3'zed with the following result: 

0.32 g. of the substance gave 32,5 ml. of nitrogen measunxJ at 22° and 738 mm. Cal¬ 
culate the percentage of nitrogen in the compound. Ans. 11.4 %■ 

8. How many milliliters of nitrogen, measured at 28° and 745 mm., may be ob¬ 
tained from 0.2 g. of a compound having the molecular formula CtHrN? 

Awfi. 23,55 ml. 

9. A sample containing aniline was treated with nitrous acid. The 0.247-g. sample 

gave 54 ml, of nitrogen at 27° and 745 mm. What percentage of aniline was in the 
sample? Ans. Si%r 

10. A compound A has the compo.sition: C, 46.6%; H, 8.73%; 0, 31.1%; and N, 
13,6%. When 16 mg. are dissolved in 343 mg. of camphor, the m.p. of the mixture ia 
found to be 161°. What is the molecular formula of A? Ans. C^bO^N. 

M. Calculate the volume of liquid bromine (sp. gr, 3.12) that would be required 
for reaction, by addition only, with 15 I, of propene at 25° and 745 mm. pressure. 

Ans. 30.8 ml 

12. A sample weighing 0,65 g. was reacted with excess 2 , 4 -dinitrophenylhydrazine 
solution and 175 g. of the 2,4<linitrophenylhydrasone was precipitated. Assuming a 
100% precipitation of any butyraldehyde present, what percentage of butyraldeh>'de 
was there in the sample? Ana. 77%> 
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13. The silver salt of a dibasic acid was decomposed by heat. A sample of salt weigh¬ 
ing 0.565 g. left a 0.384 g. residue of silver. What is the molecular weight of the acid? 

Ans. 104. 

14. A 3.22-g. sample of gIucoE«\ when added to an exceas of Fehliiig’s solution and 

hi‘ated, pnn ipitated 2.4 g. of cuprous oxide. What percentage of glucose was in the 
sample ? Ana. 93.8%. 

15. In tlu> amrnonolysifi of methyl chloride, 70% of it is ronverterl to methyl amine, 

20^^ to rlimethyl arniii(‘, 7% to trinieihyl amine, and 3% to tetranietfiyl ammonium 
chloride (all percentages Ijv weight). What vcduino of rn(d.h\'l (lilorid(* at 17° and 752 
mm. prejisure would lw‘ required to produce 20 g. of iTK'tliylainlnc liy.irochloride ac¬ 
cording to these yields? /Inj?. 6.1 1. 

16. A 9.2-g. sample of a mixture of ethanol and ethane are reacU*d with excess so¬ 

dium and 224 ml. of hydrogen STP are collected, ^^'hat is the percentage of alcohol 
in the mixture? Ans. 10%. 

17. A 4.28-g. sample of a monohydric alcohol liberated 800 ml. of hydrogen gas, 
STP, when treated with metallic sodium. What is the molecular weight of the alcohol? 

Ans, CO¬ 
IR, A 0.2-g. sample of a compound whose molecular formula is CjHioOa gave 43.9 

ml. of methane, STP upon reaction with methyl magnesium iodide. How' many active 

hydrogen atoms are pree^mt in the compound? Ans, 1, 

19. All organic compound contains 11% bromine. A sample weighing 0.24 g. would 

give what weight of silver bromide in an analysis* Ans, 0.062 g. 

20. A liquid A has the composition; C, 40%; H, 0.66%; and 0, 53.3%. A sample 

weighing 0.32 g, gave 172.7 ml. of vapor at 120° and 750 mm. pressure. What is the 
molecular formula of A? Ans. CsHA> 

21. A sample of an organic* compound weighing 0.186 g. was analyzed for nitrogen 
by the Dumas metluxl. It gave 24.94 ml. of nitrogen measured over water at 20°. If 
the baromettT reading was 750 mm. and the vapor pressure of water at 20° was 17,5 

mm. , calculate the percentage of nitrogen in the sample. .trw. 15%. 

A-3 STOICHIOMETRY 

Probably the most important quantitative procedure in chemistry is stoi¬ 
chiometry. This is the use of balanced equations for determining quantity 
relationships between chemicals involved in chemical reactions. For example, 
the balanced equation 

2KCK)a 2KC1 4 30^ 

st^ates that for every 2 moles of potassium chlorate reacting, 2 moles of potas¬ 
sium chloride plus 3 moles of oxygen are produced, or that along wdth each 
mole of potassium chloride produced moles of oxygen are produced simul¬ 
taneously, or that to produce 1 mole of oxygen by this reaction, there is re¬ 
quired I mole of potassium chlorate. Of course, the relationships between 
weight, molecular weight, and number of moles leads to the weights of 
substances involved. 

One important point is that the unite of quantity for the substances con¬ 
cerned may be varied for convenience. For instance, in the reaction of bromine 
with ethane, gases and liquids are involved. 
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CiHigM + 2Briijq, C^E4Briiiq, + 2HBrgM 

1 mole 3 molci 1 mah 3 motee 

30 K. 330 f. Ill 1. 103 g. 

23.4 L 320/3.13 - 103.6 ml. 44.81. 

According to this equation, 1 mole of ethane and 2 moles of bromine react to 
give I mole of dibromoethane plus 2 moles of hydrogen bromide. Ihese quan¬ 
tities could be expressed in units of weight as indicated in the second row or, 
what is more convenient in this case, in units of volume (on the basis of Avo- 
gadro’s law for the gases and from densities for the liquids). Furthermore, the 
units employed need not be the same for all substances. For example, one can 
say that 22.4 I, of ethane, STP, react with 102.6 ml. of liquid bromine to give 
188 g. of dibromoethane plus 2 moles of hydrogen bromide. The only condition 
to be met is that when a ratio is set up, the same units must be used for any 
given substance. To illustrate, if it were desired to calculate the amount of 
bromine that would react with 15 g. of ethane according to this equation, 
a ratio can be set up as follows: 

15 _ A' _ r _ I 
30 2 moles 320 g. 102.6 ml. 

where the units of A', Y, and Z are the same as their respective denominators) 
or moles, grams, and milliliters, respectively. Similarly, if starting with 201. of 
ethane, STP, one could determine the quantity of HBr liberated by the ratio: 

20 1. _ X _ F _ Z 
22.4 I. 2 moles 162 g. 44.8 1. 

where the units of X, K, and Z are moles, grams, and liters, respectively. 

Now the important feature about organic reactions is that very few take 
place strictly according to a single chemical equation. For example, when 2 
moles of bromine and 1 mole of ethane are reacted, several products are formed 
rather than the single one indicated in the above equation. Two dibromo- 
ethanes would l)e produced in addition to small amounts of monobromoethane, 
tribromoethane, and trace amounts of tetra-, pcnta-, and hcxabromoethane. 
These other products which are not wanted at this time are referred to as 
tide products and the reactions through which they arise are called side reac¬ 
tions. Obviously, when it is desired to prepare a certain compound, a chemist 
is interested in converting all of his starting material into the desired product 
according to the respective equation, and he expresses the efficiency of this 
process in terms of per cent yield. 

Thus, when a chemical reaction is expressible by a chemical equation, the 
amount of product indicated by the equation is the theoretical yield. It is the 
maximum amount of product obtainable from a given amount of starting 
material by means of a chosen reaction. Accordingly, the per cent yield is 
determined by the expression: 
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yield actual yield X 
^ theoretical yield 

where the units of actual and theoretical yield are the same. This can be 
illustrated by several problems. 

Problem: What is the per cent yield of decane if 15,1 g. of n-bromopcntane are re* 
acted with excess sodium metal by a Wurtz reaction and 6.5 g. of decane are isolated? 

Solution: According to the relationship above, in order to compute the per cent 
yield, one must know the actual and theoretical yields. The actual yield is given and 
the theoretical yield may be cah^ulatcd through stoichiometry, making use of the 
chemical equation for the reaction: 

2Bi^C6Hn + 2Na C 1 .H 22 + 2NaIir 

2 moleB 1 mole 

2 X 151 = 302 g. 142 g. 

It is seen that 302 g. of bromopentane produce 142 g. of decane; hence, the weight of 
decanc, X, obtainable from 15.1 g. of bromopentane is, according to the ratio: 



15J Jl, 

302 “ 142 


X = 7.1 g. 


This is the theoretical >deld or maximum amount obtainable from 15.1 g. of bromo¬ 
pentane through this reaction. The per cent yield then is found by using the expression 
above. 


% yield 


actual yield X 1(X)% 
theoretical yield 


0.5 X 1007r 
7.1 


91.5% 


Problem: What is the per cent yield in the production of acetaldehyde from acetylene 
if from the hydration of 3.02 I. of acetylene, measured at 2 atmos. and 95“, 7.8 g. of 
acetaldehyde are r.H’overed? 

Solution: Again, the actual yield is known; so to calculate the per cent yield one 
determines the theoretical yield from the chemical equation for the reaction. 

C 2 H 2 + H 2 O CHaCHO 

22,4 1 . 

26 g. 44 g. 

The theoretical yield of acetaldehyde is based upon the amount of acetylene 
available for reaction, which is 3.02 1. at 2 atmos. pressure and 95*^. Quantities 
indicated by chemical equations are for standard conditions, so this volume 
of acetylene must be corrected first for pressure and temperature for adjustr 
nient to standard conditions. To do this, one uses the gas law, for which 

? 

P 2 = 1 atmos. 

Ti - 273°K. 


Vi - 3.02 I 
Pi 2 atmos. 

Ti » 95°C. - 368'^K. 
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Reuranging the gas law to solve for Vi, one has: 

Then, by stoichiometry and the chemical equation, 22.4 1. of acetylene, STP, give 
44 g. of acetaldehyde, so 4.48 1. will give X grams of acetaldehyde in the ratio;. 

4.48 X 
22.4 “ 44 

X = 8.8 g. 

Therefore, the per cent yield is 

y X 100% - 88.6% 

There are two important practical u.ses of per cent yield that students often 
have difficulty in distinguishing. One is quite simple and is the determination 
of the amount of product which will be produced when the per cent yield for 
the reaction is already known to be less than 100%. The second situation is a 
computation of the amount of starting material required for the preparation 
of a given quantity of product when the per cent yield is known to be less 
than 100%. These two problems may be illustrated by several examples. 

Problem: l^Tiat weight of pentene will be produced by the dehydration of 60 g. of 
pentanol if the per cent yield is only 82%? 

Solution: The same relationship can be used between per cent, actual, and theoretical 
yields, with per cent yield being known in this case instead of actual yield. Again, 
the theoretical yield is determined by means of stoichiometry and the chemical equa¬ 
tion for the reaction; 

CH»CH,CH,CH,CH,OH -h H,S04 CH,CH.CH,CH=CH, -|- H,O H,SO« 

88 g. 70 g. 

Sixty grams of pentanol will yield X g. of pentene according to the ratio 

60 X 
88 “ 70 

X - 47.7 g. 

This is the theoretical yield; therefore, the actual yield will be 
Actual yield » % yield X theoretical yield 
= 82% X 47.7 g. 

- 0.82 X 47.7 g. 

= 39.1 g. 

It is seen that the actual yield is obtained by multiplying the theoretical yield by a 
number less than unity whenever the per cent yield is less than 100%. 

Problem: If the yield from a VVurts reaction were 65%, what weight of butyl bromide 
would be required to produce 4.56 g. of n-octane? 
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Solution: The equation for the reaction is; 

2CH>(CH.i)2CHjHr + 2Na — CHjCCHOeCH, + 2XaBr 

Two approaches to this type of problem are commonly usc-d, the first In'inj; as follows: 
4..jr) g. of n-oetane are to be prorlueed with the per cent yield beini;; 03%, so that 
4.56 g. must represent 65‘,"c of the weiglit that would have been produced at 100% 
yiold. That ia 

4.5() g. - 0.65 ir 


\Vt. 


4.56 

0^65 


7.02 g. 


Now, oiu* can calculate in tlic iit^ual faNhion wliat weight of butyl bromide would have 
been necessary to produce 7.02 g. of 0 (*tunc at K)0% yield. From the chemical equation 
and stoichiometry, the weight sought is obtained from the ratio; 

.Y 7.02 
274 " 1J4 

X = 16.9 g. 


The second way to consider the problem might be referred to as a correclion-faclor 
method. It consists of calculating the required weight of material on a basis of l(X)% 
yield; tlieii making an adjustm(‘nt for the fact that the yield is less than 100 by multi¬ 
plying Ijy an appropriate factor. Logic dictates that since the reaction is less than 100% 
effiiient, a greater amount of starting material is necessary than indicated by the 
stuit'hiometry of the chemical equation; therefore the correction factor must be 
greater than unity. Jn this problem, to produce 4,56 g. of 7i-octaiie at 100% yield, the 
weight of Inityl bromide necessary is, from the ratio, 


4.5C_ 

114 274* 


-V = 10.96 g. 


JSiiice the 3 ’ield i.s only 65%, one must start with 10.96 (W) = K- That is, the 
correction factor is always divided by tlie per cent yield. So, the two prol)lems that 
M'ise when per cent yield i-s already known to be less than l00%i are (1) to calculate 
what the actual yield will be from a given weiglit of starting mab’rial, and (2) to cal¬ 
culate the weiglit of starting material required to prorluce a d(^sired (quantity of product. 
'I'liese can be treated in the usual fashion as if the per c(^nt yitdd were 100, but then 
the answer i,s multiplied by 

given % yie ld 
100 


in tlie first case, and by 


100 


given % yield 


in the seeond case. The second case can be illustrated by another problem. 

Problem: What w^eight of sodium propionate would be required to produce 1.12 I. 
of ethane, STP, if one assumes the reaction can be carried out with an 80% yield? 
Solution: Tlie chemical equation for the reaction is 


CH^CHaCOjNa + NaOH ^ C^Ha + Na^COj 

6(i IE. 30 g. 

22.4 J. 
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Aa suggested above, first find the answer for 100% yield; then multiply by 

too 

given % yield 

which is 100/80 here. The stoichiometric ratio for the weight required for 100% yield 
would be 

w-Wi 

Then, 4.8(W) ** 6 g. Again, the second approach is not as quick but is as follows; 

1.121. - 0.80 V 

where V is the volume that would have been produced were the per cent yield of 100 
realised. Hence, V 1.4 1. Now, to produce 1.41. at 100% yield would require sodium 
propionate according to the ratio: 

^ }±. y r su 

96 “ 22.4 ^ ® 8- 

Finally, one more application of per cent yield arises when successive reactions are 
being used. For instance, in a sequence of reactions, A 1) —^ C, if each step takes 
place at less than 100% yield, obviously to produce 1 mole of C will require more than 
1 mole of B, and in turn a still greater factor than 1 mole of A. For illustration, look 
at the next problem. 

ProUm: What volume of ethane would be' required to produce 50 g. of n-butane 
by monobromination of ethane followed by a Wuiis reaction using the resulting ethyl 
bromide, if the bromination takes place with a 90% yield and the Wurtz reaction with 
an 85% yield? 

Solution: When using a sequence of reactions, it is more convenient to work with 
moles until the last step when number of moles can be converted into the units in 
which the answer is expressed. Therefore, for the two reactions 

CiHe + Br, -F CiHfiBr + HBr 


2CEH6Br + 2Na CgHui + 2NaBr 


one can apply the correction-factor method to adjust for the per cent yield. For the 
second equation, the number of moles required to produce 50 g. of n*-butane at 100% 
yield is 

X 50 ^ . , 

o“ “ eq' 

2 uo 

Then 


\»s) 


03 moles 


Now, from the first equation, 1 mole of etitone produces 1 mole of ethyl bromide at 
100% yield; so, to produce 2.03 moles at 90% yield would require 




20 moles 
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At standard conditiona, this would be 

2.26 X 22.4 1. = 50.6 1. of ethane {Atib.) 

Notice particularly that, in finding the quantity of original starting material, one 
starts with the last chemical equation and works his way back to the first chemical 
equation. 

Problem: What volume, STP, of chlorine gas would be required in the production 
of 100 g. of vin^lacetylene by trichlorination of methane, conversion of the chloroform 
to acetylene l)y reaction with zinc dust, and dirn(?rization of the acetylene, if each 
reaction takc's plaie witli u 70% yield? 

Solution: The chemical equations involved are; 


CH, + 3Clj CHCl, -1- 3HC1 

(1) 

2CHC1> + 3Zn - Cdlj -|- 2ZnCl, 

(2) 

2C5H5 CH,=CH—C=CH 

(3) 


K. 


One hundred grams of vinylacetylenc is 100/52 = 1.925 moles. From reaction (3), 
one observes that this would take 2 X 1.925 moles of acetylene at 100% yield, or at 
76% yield: 

2 X 1.925^-^^ = 5.07 moles 

To produce this quantity of acetylene according to reaction 2 it would take 2 X 5.07 
moles of chloroform at 100% yield. Hence, at 76% yield it w'ould require 

2 X 5.07 = 13.:i5 moles 

Then, from the first equation, to produce 13.35 moles of chloroform at 100% yield 
takes 3 X 13.35 moles of chlorine; .so at 76% yield, the necessary number of moles 
of chlorine is 


3 X 13 35^^^ = 52.75 moles 

Therefore, what was initially sought, namely the volume of chlorine whicli is necessary 
in the production of 100 g. of vinylacetylenc by these successive reactions, is 52.75 
moles, or 62.75 X 22.4 1. - 1.18 1., STP. 

An incorrect step which many students attempt in these per cent yield 
problems is to correct for the shortage in yield by adding a certain percentage. 
For instance, if a reaction takes place with an 80% yield and a certain quan¬ 
tity of product is desired, one can calculate the required amount of starting 
material on a 100% yield basis, and then use the correction factor of 100/80. 
However, one cannot make the adjustment by simply adding 20% more. 
That is, one cannot calculate the required amount of starting material on a 
yield basis and then take 20% more. This latter step is equivalent to 
using 120% of a certain quantity X and does not equal 100/80 times X. This 
becomes obvious when the per cent sdeld is much less than lOO. For illustra- 
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tion, if the per cent yield is 50, then 150/100 « 1.5 is not the same as 
100/50 ^ 2. The closer the per cent yield is to 100, the closer the3e two ratios 
become. 

fXERC/SES 

1. If a batch of calcium carbide is 89% pure, what weight would Ik* required to 

produce 17 1, of acetylene, STP? Ans. 54.7 g. 

2. What volume of chloroform, density 1.49 g inl, would Ik‘ required to produce 

1 1. of acetylene, STP? Am. 7.1(5 ml. 

3. What volume of etlivlenc STP should l)e obtained from 2 lb. of 95% ethanol 

(C2H5OH)? ‘ .1715.4201. 

4. What volume of pure oxygen, STP, is required to iiurn 20 g. of idhane? 

Ans. 52.31. 

5. If a saturiit('d solution of calcium sulfate ('ontain.s 0.17 mg. per 1 (X) ml. of solie 

tion, what weight of scxlium st<'arate would be necessiiry to soften 1 kl. of saturated 
calcium sulfati* solution? 7.65 g. 

6. What weight of aniline would Ik* requinnl to produce 90 g. of phenol if one 

assumes a 42% yield? .tw5. 212 g. 

7. What weight of calcium carbide would be n^quired to produce 1 1 . of acetylene 

measured at 0.5 atmos. pre-ssure and 273° if the acetylene can be collected with only 
80% eftieiency and th(’ calcium carbide is 70% pure? .'\ns. 1.28 g. 

H. What volume of nitrogen gas, measured at 740 rnm. pressure and 25° will be 
liberatt'd if 0.15 g. of butylamine are treated with nitrous acid, and the X> (’ollected 
in a 90% yield? .In.?. 46.4 ml. 

9. What weight of the phenvlhydrazone could be produced from 17.2 g. of iJ-penta- 
none if the per cent yield is 92%? .Ins. 32.4 g. 

10 . What weight of butyric acid could be made from 12.3 g. of n-propyl bromide 

by forming a Grignard, carbonating the Grignard, and hydrolyzing the addition 
product, if the yield in each of the three steps is 90%? Ans. 6.4 g. 

11 . What weight of propionitrile would be required to produce 14.8 g. of propionic 

acid if the yield in the hydrolysis is assumed to be 88 %? .Ins. 12.5 g. 

12 . What weights of methyl ethyl ketone and methanol would be necessary to pro¬ 

duce 47-2 g. of the methyl acetal, CHj—CH 2 —C(OCH 3 ) 2 —CH 3 if the per l ent yield 
is knowm not to exceed 70%? .4n8. 41.1 g. ketone; 36.6 g. alcohol. 

13. What weight of isopropylamine should be us(*d to prtKiuce 36.9 g. of isopropyl 

bromide by reacting the amine with nitrous acid and the resulting alcohol witli 
phosphorus tribromide, if the per cent yield in the first reaction is estimated to be 05% 
and that of the second reaction is 80%? Ans. 34.1 g. 

A-4 VOLUMETRIC GROUP ANALYSES 

Equivalent and Molecular Weights 

a. Units of concentration. It is frequently desired to change the units of 
concentration, particularly from one used more in industry, per cent by 
weight, to one of those common in the laboratory, such as molarity, normality, 
or mole fraction. 

Problem: An aqueous solution of ethyl alcohol, which contains 18% alcohol hy 
weight, ha'i a density of 0.974. Calculate the molarity of tiie alcohol in thg solution 
and the mole fraction of the alcohol. 
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Soliition: This problem is solved essentially on the basis of the definitions of the 
terms involved. Molarity is the number of mole^ of solute per liter of solution; mole 
fraction is the number of moles of solute divided by the total number of moles of all 
components in the solution including the solvent; and density is the mass per unit 
volume. Thus, if one takes a liter of solution, he can determine its total mass by sub¬ 
stituting in the equation: 

D = M/V 

where D is the density, M is the mass, and V is the volume. 

0,974 = A//1000; therefore, M * 974 g. 

Since 18% of this muss is alcohol, one can calculate the weight of alcohol and, hence, 
the number of moles, m, of alcohol present. 

wt. = 0.18 X 974 = 175 g. 
and 

7)1 = w t./ rnol. wt. = 175/46 - 3.81 moles 

Therefore, the molarity is 3 81 M. If one subtracts the weight of the alcohol (175 g.) 
from the total weight, he obtains the weight of the water; 974 — 175 * 799 g. Thus, 
799/18 moles of water « 44.3. The mole fraction of the alcohol is 


3.81 

3.81 + 44.3 


0.0791 


Prohlm: What is tlie normality of a 60% acetic acid solution who-se specific gravity 

is 1.06? 

Solution: Again, by definition, tlie specific gravity is the density of the solution 
relative to that of water at the same temperature. If one assumes the density of water 
at this tem|M*rature is 1.0, then the density of the acetic acid solution is 1.06. Thus, 
in 1000 ml. of solution: 


D = wt./y or 1.06 = wt./lOOO 
w t. = 1060 g. 

Sixty per cent of this w'eight is due to acetic acid; 

0.6 X 1060 = 636 g. 

The normality, number of equivalents per liter, is then: 

636/60 = 10.6 moles - 10.6 eq. = 10.6 iV. 

EXERCISES 

1. Calculate the normality of the following concentraUHl reagents: 


Substance 

Per Cent by W’eight 

Density 

Answer 

HCI 

30.5 

1.18 

11.8 

HjSO. 

96 

1.84 

36 

KOH 

40.1 

1.40 

10 

NH.OH 

30.4 

0.895 

16 

HNO, 

70.33 

1.42 

15.9 


2. What weight of solid sodium hydroxide and what volume of water must be used 
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to nuke 350 g. of: (a) a 10% eoluticm by wd^t of aodium h 3 nlronde,' (b) a Kdution 
in which tite mole fraction of NaOH ip 0.1? . 

Ana. (a) 35 g. NaOH and 315 ml. HiO; 
(b) 09.3 g. NaOH and 281 ml. H,0. 

3. What wdght of acetic anhydride ahould be added to 75 g. of 92% acetic acid 
80 that, upon hydrolyrie of the acetic anhydride, the concentration of acetic acid will 
be 100%? .4a«. 34 g. 

b. TitntiolU. One of the most useful pieces of information to aid in the 
elucidation of the structure of a compound is a knowledge of its equivalent 
weight with respect to some reaction; such as acid-base neutralization, hy¬ 
drolysis, addition of halogen, oxidation or reduction, or liberation of a gas. 
The reaction that is chosen depends upon the nature and properties of the 
compound. Usually a titration is performed which is really a form of volu¬ 
metric group analysis. 

The fundamental principle of titration is the addition of a standardized 
solution to a complementary solution whose concentration is not known, until 
an equal number of equivalents have been added (the end point), as indicated 
by some visible change. Since the volume and concentration of the standard¬ 
ized solution are known, one can calculate the number of equivalents added, 
which equals the number of equivalents of sample in the unknown solution. 
In the solution of such problems the student will find it expedient if he works 
in terms of number of equivalents and number of moles. For this reason, a 
definition of several symbols that will be used in this appendix for working 
out such problems are: 


m number of moles 

n a number of equivalents 

mol. wt. « molecular weight 

eq. wt. » equivalent weight 

M * molarity 

N - normality 

V « volume in ml. 

wt. — weight 


It can be shown that; 


MXV NXV 

"■looT' ""looT’ 


wt. 

n 


ProNem: What is the equivalent weight of an acid, if for 0.231 g, of acid there are 
required 26.2 nU. of 0.1 N NaOH to reach a phenolphthalein end point? 

SoiiUum; Knowing the weight of acid, one can determine its equivalent weight by 
calculating the number of equivalenta of acid present. This can be calculated from the 
normality and volume of alkali required to neutralise the acid. Thus, at the end pointy 


Therefore. 




Nt X Vb 0.1 X 26.2 
1000 * 1000 


0.00262 


pq. wt. 


0.231 

0.00262 


88 . 
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Whftt ii the moleottlw w61cbt of |u- eater of a dMaiboxylic acid if, after 
hjfdrdi^nii of 0.78 g. in 50 ml. of hO AT NaOH, 34.8 ml of 1.15 AT HCI are required 
to neidnliae the unrea(^ ^aOH7 ^ 

Sehdum; To get the molecular weight one muet know tiie number of molee of eater 
that &We are in 0.78 g. of the eeter^ Since the eeter is one from a dicarboxylic acid, its 
molecular weight will be equal td twice its eq. wt., i.e., 1 mole of eater will hydrolyse 
and liberate two equivalents of acid. Therefore, one must find the number of equiva¬ 
lents of acid thet.iwere liberated. The number of equivalents of alkali used for the 
hydrolysis is equal to the number of equivalents liberated in the hydrolym plus the 
number of equivaleitts of acid added in the titration. Two of these values are known, 
and the third may be calculated: 




SOX 1 
1000 


0.05 


fia (titer) 


34.8 X 1.15 
1000 


n« (organic) - 0.05 - 0.04 
Tlierefore, the number of moles of ester - 0.01/2 » 


- 0.04 

- 0.01 
0.005. 


mol. wt. 


wt. _ 0.78 
m 0.005 


166 


Problem: What is the molecular weight of an amine, if 0.078 g. of it produce 59.0 ml. 
of nitrogen gas by the action of nitrous acid, measured at 25°C. and 7% mm. pressure, 
and one assumes the yield of nitrogen to be 65%? 

Solution: To get the molecular weight one must know the number of moles of amine 
there are in 0.078 g. From the equation for the reaction, 

RNH, + HONO -♦ ROH + N, + Hrf) 


1 mole of nitrogen gas is liberated by 1 mole of the amine. Hence, calculate the number 
of moles of nitrogen gas, i.e., its volume at standard conditions. Since the yield was 
only 05%, then the volume of gas one would have obtained at 100% yield is; 


59.9 

95 


X 

lOO’ 


hence V 


63 ml. 


Fi “ 63 ml. 

Pi * 738 mm, 

Ti - 25*C. - 298*K. 



V,- ? 
r, - 273'K. 
Pt - 780 mm. 


^ V V <a _ « ml 
298 ^ 760 ^ ■ 


The number of moles of nitrogen - number of moles of amine 


Therefore, 


mol. wt. amine 


0078 

0.0025 


31.2 


56 

22,400 


0.0025. 
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Prdilem: What is tiie moleGular weight of a trihydric akohoi if 0.46 g. of it ia aoety- 
iatod with acetic anhydride, and, at ice temperature, 15 ml. of 1JV NaOH are required 
to neutraliie the liberated acid? 

SobUion: According to the equation for the acetylation, 

R(OH). + 3AcOR(OAc), + 3.A.COH 

we eee that 3 moles of acetic anhydride react with 1 mole of the trihydric alcohol. 
To determine its molecular weight, one must know how many moles of alcohol there 
are in 0.46 g. This can be calculated from the niihiber of moles, i.e., equivalents of 
acetic acid liberated. To get this, find out how many equivalents of alkali are required 
to neutralise the acid. Hence, 


n. 


X Vb _ 1 X 15 
1000 “ 1000 


0.015 


But for every three equivalents of acid, only 1 mole of alcohol reacted; therefore the 
number of moles of alcohol is 0.015/3 » 0.005, which will give the molecular weight as: 


0.46 

0.005 


92 


Problem: How many OH groups are there in a polyhydric alcohol (mol. wt. 180) 
if 0.3 g. are acetylated with excess acetyl chloride, and 32.8 ml. of 0.254 N NaOH are 
required to neutralise the liberated HCI? 

^vtion: According to the general equation, 

R(OH). + I AcCl -» R(OAc). + * HCI 

z moles of acetyl chloride react with 1 mole of the alcohol containing z OH groups, 
witii the liberation of z moles of HCI. Thus, if one ca.i determine the number of moles, 
i.e., equivalents of HCI produced, he can compute the number of moles that are liber¬ 
ated when 1 mole of alcohol reacts; and therefore, calculate the number of equivalents 
of acid liberated as; 


n6 


X Ni, _ 0.254 X 32.8 
1000 ” 1000 


0.00833 - n. 


That is, 0.00833 mole of HCI were produced. Now, the number of moles of alcohol 
reacting was 


wt. 

mol. wt. 


m 


0 £ 

180 


0.00167 


Thus, the value of z in the equation is found from the ratio 

0.00833 z 
0.00167 " I 

1-5. 

c. Fat analyses. The principles invdved in the above titration problems 
form the basis for the several types of fat analyses, such as the Reichert- 
Meissl number, the Polenske number, the saponification number, the iodine 
number, the acid value, etc. 
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Problem: What ia the acid value of a fat if 26.9 ml. of 0.01 AT KOH are required to 
neutralise a auapension of 0.24 g. of the fat in water? 

Solution; The ocui value ia defined as the number of mg. of KOH required to neu¬ 
tralise the free fatty acid in one gram of fat. Thus, if one computes the volume of 
alkali that will react with 1 g. of fat, he can calculate the number of milligrams of KOH 
that are in solution. The volume of KOH to react with 1 g. of fat is found by the ratio: 


26.9 _ V 
0.24 1 ’ 


0.24 


112 ml. 


The number of equivalents, hence, moles of KOH dissolved in this volume of 0.01 N 
solution is 


nj, 


0.01 X 112 
1000 


= 0.00112 


The weight of KOH (mol. wt. 56.1), then, is 

0.00112 X 56.1 = 0.063 g. 

Therefore, the weight in milligrams is 63, which is the arid value. 

Problem: How many grams of KOH would be required to neutralize a suspension in 
water of 250 g. of a fat whose acid value is 36? 

Solution: From the definition of the acid value, one knows that 36 mg. of KOH will 
neutralize 1 g. of this fat. Hence, one may calculate the number of milligrams of KOH 
that will neutralize 250 g. Thus, 

36 ^ ^ 

1 250 


j = 36 X 250 = 9000 mg. 

Therefore, the weight of KOH required is 9000 mg. or 9.0 g. 

Problem: What is the saponification number of a fat if 31.6 ml. of 0.497 N KOH in 
ethanol are required in the hydrolysis of 1.8 g. of fat? 

Solution: The saponification number of a fat is the miniher of milligrams of KOH 
n*qiiircd to saponify 1 g. of the fat. Here again one d(*termines the volume of stand¬ 
ardized alkali that would react with 1 g. of fat and then calculates the weight of KOH 
that is in solution. Since 31.6 ml. reacted with 1.8 g. of fat, the volume that would 
react with 1 g. of fat is 

31.6 ^ V 
1.8 1 

F= 17.55 ml. 


The number of equivaUmts, hence, the number of moles of KOH in solution is 


TJ fi * 


17.55 X 0.497 
1000 


= 0.00873 


Thus, the weight of KOH (mol. wt. 56.1) is 

0.00873 X 66.1 « 0,49 g. or 490 mg. 

The latter figure is the saponification number, 

PrMm: What is the ReichertrMeissl number of glyceryl tributyrate? 

»So/uiwn; It is to be realized that, normally, the R~M number will be small because 
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only the earbcHcylic acids of 12 carbon atoms or less are volatile witii steam, ana only 
those of 4 or less carbon atoms are appreciaUy soluble in water. Moreover, natural 
fats contain only small percentages of these low-molecular-weight glyceri^. The 
R-M nvmber determines the water-soluble, steam-distillable fatty acids, while the 
Pelauke nimbtr determines the water-insoluble, steamKlistillable fatty acids obtained 
from 5 g. of the fat. The prine4>lo8 in the calculations will be the same. Ibe R~M number 
is defined as the number of milliliters of 0.1 N KOH required to neutralise the water- 
soluble, steam-distillable fatty acids obtained from 5 g. of the fat. Since all of the acid 
liberated from the glyceryl tributyrate will be titrated, the R-M number will be un¬ 
usually large. According to the definition, 5 g. of glyceryl tributyrate will be hydro¬ 
lysed. To determine the R-M number one must find out what volume of 0.1 N 
KOH will react with the liberated butyric acid. According to the equation, 

CJI,(OOCR), -H 3H,0 -» CJIi(OH), -h 3RCOOH 

each mole of ester will produce 3 moles of acid. The number of moles of ester is 


wt. 

mol. wt. 


_5^ 

302 


0.01656 


The number of moles of acid, hence number of equivalents of acid, is 

3 X 0.01656 - 0.0497. 


This, then, equals the number of equivalents of alkali required for neutralisation, or; 


fid * 


0.1 v> 
1000 


0.0497 


V, 


49.7 

0.1 


497. 


The R-M number is, therefore, 497. 

PtoUem: What is the Polemke number of a fat, if it is found that 12.7 ml. of 0.087 N 
KOH are required to neutralise the water-insoluble, volatile acids obtained from 6.0 g. 
of fat. 

Solution: Since the Polenske number is tiie volume of 0.1 N KOH required to neu¬ 
tralise the water-insoluble, volatile acids from 5 g. of fat, first compute the volume 
of aUiali that would have been required for 5 g. of fat; then compute what volume of 
0.1 N KOH is equivalent to the latter volume of 0.087 N KOH. The volume of 0.087 N 
KOH to be used for 5 g. of fat is 

12.7 V 
6 “S 


y . ft X 12-7 


10.0 ml. 


The volume of 0.1 N KOH equivalent to 10.6 ml. of 0.087 N KOH is calculated from 
the relationship, V^Ni - VJft, where the subscript 1 refers to the initial volume and 
concentration, and the subscript 2 to the final volume and concentration. Here, 
Vi - 10.6, Ni - 0.087, and Nt - 0.1. 

Theidore, 

„ ViNi 10.0 X 0.087 


0.1 


B.2inl. 
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The Poktuke number k, then, 0.2. 

Problem: What k the iodine number of a-palmitodilinolein? 

Solution: The iodine number is defined as the weight of iodine that will react with 
100 g. of the fat. Although iodine chloride or iodine bromide is frequently used as the 
iodinating agent, 1 mole of ICl is equivalent to 1 mole of iodine as seen by the equation: 

HgCl, + 21,Hgis + 2IC1 

RCH-CHR + 2IC1 -* RCHI-CHIR + Cl, 


Thus, one can work on the basis that iodine is the reactant. From the equation. 


C,H,(OOCR), + 1 1, product, 


the first step is to determine the number of moles of iodine that react with 1 mole 
of the fat. This will depend upon the number of ethylenic bonds present in the three 
acid radicals. Palmitic acid has no double bonds and linoleic acid has two. a-Palmito- 
dilinolein thus has 4 double bonds per molecule, so 2 ; is 4. The number of moles of fat is 


wt. 

mol. wt. 


IM 

854 


0.1171. 


Therefore, the number of moles of iodine reacting is 

4 X 0.1171 « 0.468, and its weight is 
0.468 X 264 = 119 g. 

The Mine number is then, 119. 

Problem: How many ethylenic groups are there in a glyceride of molecular weight 
878 which has an Mine number of 174? 

Solution: From the definition of the Mine number, one knows that 174 g. of iodine 
will react with 100 g. of this glyceride. From the equation. 


CiH6(OOCR)i + 1 1, —»product, 

X moles of iodine react with 1 mole of a glyceride which contains x double bonds. One 
can determine the number of moles of glyceride used and the number of iodine added. 
Prom the ratio of these two values, one can calculate x, the number of double bonds 
in the fat. Consequently, the number of moles of iodine is 174/254 > 0.685 and the 
number of moles of glyceride is 100/878 >• 0.114. The ratio of the two values is tiius 
0.685/0.114 B 6. Hence, the number of double bonds in the glyceride is six. 


EXEKClSeS 

1. A neutral sample of crude ethyl acetate, weighing 2.4 g., was boiled with 50 ml. 
of 0.5 Af alkali. The reaction product was back titrated and required 22.5 ml. of 0.1 Af 
acid for neutralisation. What was the percentage of ester in the sample? 

Am. 83.4%. 

2. What volume of 1 Af alkali will be neutralised by 5 g. of succinic acid? 

Ana. 84^8 ml. 

3. A certain monocarbojgrlic acid was titrated with 0.1 AT KOH. A 0:21-f. sanqrle 
required 17.2 ml. of the alkali. What k the molecular weight of the acid? 

Am. 122. 

4. What k the mokcuki vreight of an amide, if, after 0.61 g. klqrdrolyied aad the 
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liberate amine is distilled into 100 ml. of 0.1 N HCl, 38.4 ml. of 0.13 N NaOH are 
required to neutralise the excess RCl? 4ns. 122, 

5. What is the percentage yield in a Rosenmund reduction of 0.46 g. of propionyl 

chloridei if the liberated HGl is collected in 100 ml. of 0.1 N NaOH^ and 45 ml. of 
0.12 JV HCl are required to neutralise the excess alkali? 4ns. 92.6%. 

6 . In the ammonolysis of propyl bromide, a mixture of mono-, di-, and tripropyl 
amine is obtained. A 0.934-g. sample of the mixture was titrated with 0.50 N HCl and 

34.6 ml. were required for neutralisation. A 2*g. sample of the reaction product was 
reacted with bensenesulfonyl chloride and the liberated HCl trapped in t50 ml. of 
I JV NaOH. It was found that 16.1 ml. of 1.23 N HCl were required to neutralize the 
excess alkali. Then a 0.151-g. sample of the mixture of amines was reacted with 
nitrous acid. The liberated nitrogen was collected at 25'* over water (V.P.HiO 23.5 
mm.) at 740 mm. pressure, and the volume was found to be 53.2 ml. What were the 
percentages by weight of primary, secondary, and tertiary amine in the mixture? 

Arts. 80.2%, P; 14.8%, 8; 5.02%, T. 

7. How many OH groups are there in a polyhydric alcohol (mol. wt. 180), if 2 g. 

are acetylated with acetyl chloride, and 36.1 ml. of 1.23 N NaOH are required to neu¬ 
tralise the liberated HCl? 4ns. 4. 

8 . What would be the maximum normality of hydrobromic acid in the trap, if 

100 g. of bensene are bromiuated witli 140 g. of bromine (at. wt. 80), and the liberated 
HBr trapped in 200 ml. of water? Ans, 4.38 N, 

9. ynibX volume of 10 N HCl would be required to convert 17.3 g. of the color 

base of Malachite Green into its salt? 4n«. 5 ml. 

10. What is the acid value of a sample of Crisco if 6.3 ml. of 0.095 N KOH are re¬ 
quired to neutralise a suspension of 2.7 g. of the fat in water? Ana. 12.4. 

11 . What volume of 0.152 N KOH would be required to neutralize a siisf)ension in 

water of 4.5 g. of a fat whose acid value is 10.8? 4rus. 5.65 ml. 

12 . What is the aaponification number of a sample of Crisco if 27.5 ml. of 0.096 N 

KOH are required to neutralize the acid produced in the saponification of a 3.r2-g. 
sample? Am, 47.3. 

13. What is tlie napmificaiim number of Crisco which contains 22% stearin (mol. 
wt. 890), 08% olein (mol. wt. 884), and 10% Unolein (mol. wt. 878)? 4ns. 190. 

14. ^^^t is the Reichert-MeUd number of a fat, if 13.4 ml. of 0.45 N KOH an; 
required to neutralise the water-soluble, volatile fatty acids from the hydrolysis of 

10.6 g. of fat? 4ns. 28.4. 

15. What are the Beicheri-Meisd and the Polendce numbers of a sample of butter 
that contains 0.2% propionin, 3.2% butyrin, 1.4% caproin, 1.6% capiylin, 1.8% 
caprin, 6.9% laurin, 27.4% olein, 11.4% stearin, 22.6% myristio, and 22.6% palmitin? 

4ns. R-M - 17.1; P * 31.7. 

16. If a sample of butter has a ReickertrMeiesl number of 27, what volume of O.I iV, 

and of 0.087 N KOH would be required to neutralise the water-soluble, volatile fatty 
acids from 6*0 g. of the butter? 4ns. 32.5 ml.; 37.5 ml. 

17. What volume of 0.15 N KOH would be required to neutralise the acid liberated 

in the saponification of a fat whose saponificalion number is 58? 4tis. 16.6 mi¬ 
ls. What is the iodine number of linuleiti? Am. 174- 

19. What is the molecular weight of a glyceride that hag an iodine number of 86-2, 

U it containa three double bonds? Ane. 684. 

20. How many carbon-carbon double bonds doeg a glyceride contain, if it has s 

molecular weight of 872 and an iodine number of 2627 Ane. 9- 

21 . What is the iodine number of linaeed oil, if it contains 5% olein, 48.6% linolein, 

and 84.1% lisoleninT Ans. 178. 
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A-5 MASS ACTION 


A number of organic reactions are reversible and involve equilibria to which 
the usual laws of mass action apply. For a general reaction which may be 
represented by the equation, 

flA "I" bB ^ cC "I" dD 


where a moles of A react with b moles B to give c moles of C plus d moles of D, 
one can write an equilibrium equation of the form, 


{cy X (D) 
(A)“ X (B)‘ 


Here, the letters in parentheses indicate the concentrations of C, D, A, and B, 
which are raised to the powers as indicated by corresponding superscripts. 
The concentrations will usually be expressed in moles per liter. The most 
common of the reversible reactions encountered are the dissociations of weak 
acids and bases and the hydrolyses of their salts. 


Problem: What is the concentration of the hydrogen ion in 1 N acetic acid? The 
dissociation constant is 1.8 X 10~'. 

iSofulum; The equation for the dissociation or ionization of acetic acid is 


(a) AcOH ^ AcO- + H+ or* (b) AcOH + HjO AcO- + H,0+ 


where AcOH represents the undissociated acetic acid, AcO~ the acetate ion, and 
the hydrogen ion. The equilibrium constant, i.e., dissociation or ionization constant, 
is then; 


(AcO-) X (H^) 
“ “ (AcOH) 


1.8 X 10-‘ 


( 2 ) 


Since an equal number of acetate and hydrogen ions are produced by the ioni¬ 
zation of the acetic acid, one can place them equal to each other. Also, the 
concentration of the undissociated acetic acid will be the initial concentration 
less the amount that ionizes. Thus, one can write 


1.8 X 10-‘ 


(1 - H+) 


which is a quadratic equation with only one unknown. Simplification gives 
(H+)* + 1.8 X 10-‘(H+) - 1.8 X 10-' - 0 
This can be solved by means of the quadratic formula; 

-b ± Vb* - 4<ic 


' Equations (a) and (b) are equivalent when water ia the solvent, and only the uiore 
common one, (a), will be used. 
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where z ie (H***), h is 1.8 X 10~*, a is 1, end c is 1.8 X lO*'. Hence, 

-1.8 X 10^ ± V3.24 X 10-“ - 4 X 1.8 X 10-» 

(H+) ---^-- 

-1.8 X 10-* ± V7.2 X 10-* 

2 

-1.8X 10-«zfc8.49X 10-* 

“ 2 

Obviously, one cannot use the negative sign, so that: 

(H+) - 4.25 X 10-*M 

Thus, the concentration of hydrogen ion is 4.25 X 10~' M, which is also the 
concentration of acetate ion. The concentration of unionized acetic acid is 
1 — 0.00425 B 0.99575. This is very close to 1, the molar concentration of 
the acetic acid. For this reason, a quicker approximate method may be used, 
as follows: Again placing the concentration of acetate ion equal to the con¬ 
centration of hydrogen ion, which is always true if the only source of them is 
through dissociation, and assuming the concentration of the undissociated 
acetic acid is 1 ilf , one can substitute in equation (2) to obtain: 

1.8 X 10-' “ or (H+) = Vl.8 X 10-' 

Therefore, (H+) ■ 4.24 X 10"' M. This method gives an answer which is 
sufficiently close to the accurate value when K« is less than 10~'. 

In general, then, for the dissociation of an acid whose dissociation constant 
is not luger than 10~' and whose concentration is C moles per liter, one can 
use the general formula: 

c 

which can be arranged to: ' 

(H+) - VCX K. 

The sune considerations apply to the dissociation (rf a weak base. The organic 
bases are the amines, which behave in solution similar to ammonia. Thus, for 
aqueous ammonia one writes 

NH,-I-Hrf) ^ [NH<0H] ;=iNH4+ + OH- 

and for an unine one may write 

RNH, + H/} [RNHiOH] ^ RNH,+ + OH" 

Forl^ latter reaction one may write the equilibrium equation; 



„ _ (RNH,^)(OH-) 

■ ‘ (RNH,)(H,0) 

Since the solution will normally be dilute, the concentration of HiO is affected 
very little by reaction with the amine. Its concentration remains practically 
the same and is therefore neglected. Again, if Ki is no larger t.han lo->, only 
a small amount of the amine will be in the ionic form and one can assume 
that its concentration is the total molarity of the amine. Also, (RNHi+) equals 
(0H“), BO that one may write: 



where C is the concentration of the amine. This can be rearranged to give 

(OH-) ■= VKi X C. 

Thus, for the dissociation of a weak acid whose concentration is C moles per 
liter, one has (H+) = Vk„ X C; and for the dissociation of a weak base 
whose concentration is C moles per liter, one has (OH“) = Vk*, X C. 

Problem: What is the concentration of hydroxyl ion in an aqueous 0.5 N solution 
of ethyl amine? Kh for ethyl amine is 5.6 X 10“^ 

Soluiion: From the above equation: 

(OH“) = 

^ V5.6 X 10“^ X 0.5 
= V2.S X 10-' 

« 1.67 X 10-* 

Therefore, (OH“) = 0.0167 M 

Prddem: IVhat ia the pH of a 1.5 Af solution of sodium acetate? 

Soly,tian,\&tLltR of weak acids or of weak bases hydrolyse in water and henpe do not 
give neutral solutions.’ The pH value is defined as the logarithm of the reciprocal of 
the hydrogen ion concentration. Mathematically, this is 

pH-log^.-log(H+) 

Therefore, one must first determine the concentration of hydrogen ion to get the pH. 
The equation for the hydrolysis is 

AcO- + HgO AcOH + OH- 

The sodium ion is not Included because die salt is completely ionised and the sodium- 
ion concentration is the same on both sides of the arrows. For this, one can write an 


‘ Salts from a weak acid plus a weak base will give a very nearly neutral solution because 
of the hydrolysiB of both ions. 
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equilibrium equation, again ooneidering the concentration of H«0 to be constant:* 

j. (AcOHXQH-) K. 10;2! 

(AoO-) “K.* K. 

If Kk is not greater than 10~*, and remembering that (AcOH) equals (0H~), one can 
write 

Kk - or (OH-) - >/Kr>rC 

where C is the concentration of the salt in moles per liter. For sodium acetate: 

Therefore, for the 1.5 sodium acetate solution, 

(OH-) = V'l.S X 5.56 X 10-'“ = \/8.34 X 10-“ 

(OH-) - 2.89 X lO-‘Af 

If one knows dther (H**) or (OH~), he can calculate the other from the relationship: 

(H+)(OH') = 10-M 

Consequently, here, 

1 10 *® 

The pH, then, ia log — X 10'*'* * log — = 10 - log 3.47 » 10 - 0.54 - 9.46. 
6A1 0.47 

By the same considerations, for a salt of a weak base one may write: 

or {H+)*V^Krx'C 

Here, Ka K^/Kb, where Kb is the dissociation constant of the weak base and 
is the dissociation constant of water « 10**^. By the simple rule, that salts of weak 
acids are basic and salts of weak bases are acidic, one can decide whether to solve for 
hydroxyl ion or hydrogen ion. 


^ For the dissociation of water, 

K - < h^ ko h:) 

(H,0) 

If ons lets the product K (HiO) - K., it is found thst 


K. - (H+)(OH-) - l0-“ 

Upon dividing the ioo product of water, ■ K,., by the dissociation equation for 

acetic acid ^ above equation for hydrolyau reaulti. This is equal to 
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In general, then, there are four cases which produce acidic or basic solutions, and 
for each case there is a simple equation by which one may calculate the hydrogen or 
hydroxyl ion concentration: 

(H'*') = VK„ X C dissociation of a w^eak acid 

(OH') VKb X C dissociation of a weak base 

(H'*) = V Kfc X C hydrolysis of the salt of a weak base (K* = K„/Kb) 

(OH"') = VKh X C hydrolysis of the salt of a w^eak acid (K^ * K„,/K,) 

Problem: Calculate the degree of dissociation of a 0.2 M solution of isobutyfamine. 
Kb « 3.1 X 10 *, 

Solution: The degree of dissociation of an acid or base is the amount that dissociates 
divided by the initial amount, times 100 to give a percentage. Thus, one must know 
how^ much of the isobutylamine hydroxide has dissociated, i.e., the concentration of 
hydroxide ion. 

From the equation (OH~) = VKb X C, one may write*: 

(OH ) = V0.2 X 3 fx 10'* 

<= V 62 X l6~* 

= 7.87 X 10-' M 

Therefore, the degree of dissociation is 


0.00787 


X 100 = 3.94% 


Problem: Calculate the concentration of hydrogen ion in a solution of 10 g. of pro¬ 
pionic acid in 200 ml. of water to which 0.5 g. of sodium propionate has been added. 
Ka = 1.33 X 10-‘. 

iSofufum; The approximate equations above cannot be used because this is not a 
simple dissociation or hydrolysis, The one relationship that holds is: 

(propionate ion)(H‘^) 

(propionic acid) 

Propionate ion is produced by dissociation of the propionic acid and from the sodium 
propionate, as are the other substances in this equation produced from two sources. 
The concentration of sodium propionate is 

0.5/96 X (1000/200) = 0.0261 M 

wid that of the propionic acid is 

10/74 X (1000/200) « 0.595 M 

It Was shown above that the hydrolysis of the salt and dissociation of the acid is quite 
snudl; thus the actual concentration of propionate ion is very close to the concentra¬ 
tion of sodium propionate, and the concentmtion of undissociated propionic acid is 
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wry olow to its totid molarity. Therefore, aa a first appranmattoo one muy write 


(0.0261)(H^) 
^ “ 0.595 


1.33 X 10-* 


(H+) 


1.33 X 10-* X 0.505 
0.0261 


» 3.04X 10-*A/ 


Problem: What is the concentration of hydroxide ion in 250 ml. of a 1 JIf solution of 
metoylamine (Kt » 6.4 X 10~*) to which has been added 0.2 g. of methylamine 
hydrochloride? 

Softdton; The equation for the ionization ia CHiNHi + HtO » CHiNHiOH » 
+ OH~, for which one may write an equilibrium equation of the form: 


(CH.NH,n(QH-) 
‘" (CHJfH,OH) 


6.4 X 10-« 


Afi abovej one can Baaume that the concentration of CHjNHi'*' is the same as that 
of the salt, and that the concentration of the free base is 1 M. The concentration of 

CHiNHiCl is (1000/250) - 0.012 M; therefore one has 
00 


(0.012)(OH-) 

1 


6.4 X 10-* 


6 4 X 10~< 

(OH-) - ^ 

Problem: Wliat is the concentration of hydrogen ion and the degree of hydrolysis 
in a solution contuning 15 g. per liter of dimethylamine hydrochloride? K» for di- 
methylamine is 4.9 X 10~* M. 

Sidiiiion: The salt of an amine may be treated just as ammonium chloride. It was 
shown in general chemistry that ammonium chloride ia completely ionised in water 
solution and that due to hydrolysis of the ammonium ion, the solution ia mildly acidic. 
This also applies to amine salts. 

Thus, 

NH«C1 -♦ NH 4 + + Cl- 

NH 4 + + HiO NH 4 OH + H+ 

(NH40H)(H^) _ (H^)« K. 

^ “ (NH 4 +) (C-H+) Ki 

and for an amine salt, 

RNH,CI->RNH,+ + C1- 

RNH,++ Hrf) KNHiOH + H+ 

„ (RNH.OH)(H-^) Kj 

(RNHi+) 
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Therefore, for thie proUem; 

10 -“ 

C “ “ 0184 M 

o j «5 

Therefore, 

H+ » VC X K* = Vo. 184 X 2.04 X 10 "“ 

= V3.76 X 10-'* 

« 1.94 X 10-“ jl/ 

The degree of hydrolysU (X) is the fraction of the salt which is hydrolyzed. 

(RNHiOH) (H+) 

r “ C 


1.94 X 10-* 
184 


1.05 X 10-‘ 


Problem : Calculate the pH necesaary to insure at least 99% conversion of a 0.5 M 
solution of toluidine (Kb = 3.3 X to toluidine hydrochloride. 

Solution: In the process of neutralization, the equilibrium involving the undissoci¬ 
ated base, the anion of the salt and the components of water is maintained according 
to the equation: 


^ (CHaCBH4NH3^)(()H-) 
(CH,C.H,NH30H) 


3..3 X 10-‘“ 


One can assume that the concentration of CH 3 C(ll 4 NH]^ is the same os that of the 
salt produced. A 99% conversion of the amine to its salt would result in a (0.99 X 0.5) 
= 0.495 il salt solution. The concentration of free base is, then, 


0.5 - 0.495 = 0.005 M 


Therefore, one hoe 


(0.495) (OH-) 
5 X 10-' 


.3.33 X 10-*' 


(OH-) 

(H+) 


1.65 X 10-» 
0.495 

10 -“ 

3.33 X 10-** 


= 3.33 X 10-“ 
= 3 X 10-* 


pH - -log (H+) = -log (3 X 10-') 
pH = 3 - log 3 » 3 - 0.477 
pH - 2.62 

Problem: In the preparation of trimethyl ammonium chloride, 2.36 g. of trimethyl- 
wnine was collected in 100 ml. of water. When the amine was converted to its salt 
with hydrochloric acid, what pH was necessary to insure 90% conversion? 
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i5o2iilum: The concentration of the amine u fint expreeeed in molee per liter. 

,««« 1 2.36 wt. „„ „ 

rt.p«1000ml: <rt..a.6f 

■ 0.4 mole per liter 

oy 


((CH,),NHOH) 


5.27 X 10-‘ 


As in the previous problem, one can assume that the concentration of the ion (in 
this case, (CHilsNH''') equals that of the salt. The concentration of the salt is 
0.4 X 0.90 s 0.36 M. The concentration of free base is then, 0.4 — 0.36 = 0.04 M. 
Therefore, 

0.07X10^ 


2.1 X 10-» 


6.83 X 10- 


(H+) = 


5.83 X 10-* 


1.71 X 10-* 


pH = -log (H+) = -log (1.71 X 10-») 
pH = 9 - log 1.71 = 9 - 0.233 = 8.77 

A more general solution is as follows: The equilibrium constant for ionization of a 
weak acid can be expressed in terms of pH and pK«: 


HA?±H+ + A- 


(H+)(A- 


or H+ = K. 


Taking logs of both sides and by definition of pH, 

pH-pK,-logj^ 

For (CH.) JJ, Kk = 5.27 X 10"*, pK, = 4.28, pK, - 9.72. In this problem, the ratio 
of HA/A- - (CH,)J^+H/(CH,),N -9:1 

pH - 9.72 - log 9/1 

- 9.72 - 0.96 - 8.77 


Problem: What pH is necessary to liberate butyric acid from a 0.5 M solution of 
sodium butyrate? K. for butyric acid is 1.606 X IQ-*. 

Solvium: Again, the undis^iated acid, its ion, and the components of water are in 
equilibrium according to the equation: 



707 


TG(TBOOK OF ORGANIC CHEMISTRY 


j. (C.H,COO-)(H+) 
^" (CiHtCOOH) 


1.506 X 10-‘ 


The condition sought is that when butyric acid alone is dissolved in water. Hence, 
the concentration of the butyrate ion and hydrogen ion arc equal and the concentration 
of undissociated butyric acid is close to the molar concentration of organic acid. Here, 
it would be 0.5 M. Therefore, one has 


(H^)» 

0.5 


= 1.506 X 10-‘ 


(H+)’ = 1..506 X 10-* X 0.5 
= 7.53 X 10-‘ 

(H-^) = 2.74 X 10-* 
log (H+) = 3.438 
pH = 2.56 

Of course, the practical thing to do would be to make tlie solution even more acidic, 
in order to convert a.s much as possible of the small equilibrium amount of salt to the 
acid. 


Problem: What is the pH of a solution that could be used to separate 2,4-flinitro- 
o-cresol (Ko = 4.5 X 10"‘) from phenol (Ko = 1.3 X 10"'“) by extraction? 

Solution: On the assumption that these two phenols are only negligibly soluble in 
water and that their salts are soluble, their separation is bmught about by (mnvertiug 
as much as possible of the stronger acid to its salt without appreciable neutralization 
of the weaker acid. If the two acids are dissolved in ether and .shaken with a buffered 
aqueous solution, then the aqueous phase should be at a pH midway between the pIC, 
values of the acids. The pK^'s are 4.35 and 9.89 for the nitrophenol and phenol, 
respectively. Thus, at a pH of 7.12, 


Nitrophenol 


7.12 


4.35 - log 


(HA) 

(A-) 


-2.77 



Phenol 


7.12 = 9.89 - log 

(HA) 

(A-) 




(HA) 


600 


That is, even if the acid forms were soluble in water, at pH = 7.12, the ratio of salt 
to acid form would be 600 for the nitrophenol and about 1/lOOOth for the phenol. 
Since the acid is not very soluble, the concentration of salt of the phenol is negligible. 

Problem: Gan phenol, Ka « U3 X 10"'°, be extracted from an ether solution with 
t^xcess 10% aqueoua sodium carbonate? Ka for carbonic acid is 5.5 X 10“". 
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Sotutim: We will first find the pH of a sotution of sodium pheooxide sad also of the 
sodium CBrbamte and see if tiie pH of the latter solution is hi|^ enough to retain the 
soifium phenOxide. 

For s^um ^lenoxide, 

jr _ 10 "'* 

^ U X 10-“ 

-7.7X10-* 


<OH-) 


^7.7 X10-»X 2-1.24X10-^11/ 


10 -“ 

1.24 X 10-* 


8.04 X 10-“ 


log (H-^) - 13.905 
pH - 12.1 

Sodium carbonate hydrolyses to sodium bicarbonate, and its pH is calculated as 
follows; 


(OH-) 


4.785 X 10-* X 1 1.33 X 10-* 


10 -“ 

(H+) - —— -- 7.5 X 10-“ 

^ ^ 1.33 X 10-* 


log (H-^) - 13.675 
pH - 12.1 

Thus, the sodium carbonate solution has just the basicity that sodium phenoxide 
has, and hence the phenol will dissolve in the carbonate solution. However, an excess 
of the Bolvmit must be used so that the pH will be little affected when the phenol 
neutralisea some of the sodium csubonate. 


EXERCISES 

1. What is the conoen^tion of hydrogen ion in a 0.2 ff solution of phenylacetic 

acid? K. - 4.88 X 10-‘. Aru. 3.13 X 10"' 

2. What is the cmicentration of hydroxide ion in 200 ml. of an aqueous soluti^ 

containing 5 g of isoamylamine? Ki - 5 X 10-*. Afu. 0.012 Af. 

3. What is the concentration of hydrogen ion in a solution containing 15 g 

liter of propylunine hydrochloride? K» for propylamine is 4.7 X 10-*< ^ ^ 

4. What is the degree of hydrolyns of a 1 JH solution of aniline hydrochlori^? 

K» for aniline is 5.4 X 10““. Ant. 0.431> 

6. What is the degree ol hydrolysis of a 0.2 Af solution of sodium valerate? 
valeric acid is 1.88 X 10“*. A«s. 6 XlO"*%- 
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6. What is the concentration of hydrogen ion in a solution containing 60 g. of 
butyric acid and 2 g. of sodium butyrate per 460 ml.7 K« for butyric acid is 1.5 >C 10^, 

.4tw. 4.60 X lO^M. 

7. What pH is necessary to insure at least 99% conversion of a 0.6 M solution of di- 
methylamine to its salt with hydrochloric acid? for dimethylamine is 4.9 X lO^^. 

Ana. 8.7. 

8. What maximum pH would be used to liberate propionic acid from a solution of 
0.4 M potassium propionate? Ki for propionic acid is 1.343 X 10~^ Ana. 2.64. 

9. Can 6% senium bicarbonate ('^0.5M) be used to dissolve most carboxylic 

acids (K« ^ 10"*)? Ka for carbonic acid is 4.3 X 10"^ - . , 

Ana. Yes (the margin is so close that a large excess 
of sodium bicarbonate solution is required), 

10. What is the pH of a solution which can be used for the removal of di-isoamyl- 
amine (Kb 7.7 X 10"^) from an ether solution of a mixture of di-isoamylamine and 
knzidine (Kt » 9.3 X 10-'“)? 

Ana. 5.2. 

11. Pyridine (Kb =- 1.4 X 10“®) and ethanolamine (Kb * 2.77 X 10“*) are both 

very soluble in water. At what pH should a 2 A/ aqueous solution of a mixture of these 
two be extracted with chloroform by continuous extraction to effect their separation 
(i.c., remove the pyridine)? Ajia. 4.6. 


Another type of common organic equilibrium reaction is esterification. The 
general equation is 


RCOOH + R'OH RCOOR' + H 2 O 


Hydrogen ion is the catalyst here, but a catalyst does not influence the posi¬ 
tion of equilibrium but rather, the rate at which equilibrium is reached, In 
this reaction, the concentration of water is not the same on both sides of the 
arrows and cannot be neglected. One may write an equilibrium equation as: 

(RCOOR^)(H»0) 

^ “ (RCOOH)(R'OH) 

where the formulas in parentheses represent the respective concentrations in 
moles per liter. 

PTobhm: Calculate the percentage conversion of 2 moles of acetic acid when it is 
allowed to come to equilibrium with 6 moles of ethyl alcohol. At 25® the equilibrium 
constant is found to be 4. j • u v 

(Sofutitm; Assume that at equilibrium, X moles of acetic acid have reacted with X 
moles of alcohol, and that the total volume of liquid is V liters. The concentrations 
in moles per liter of the components of this equilibrium at the start of the reaction, 


B&d when equilibrium ia reached, are: 



Acid Alcolud 

Waier 

Eder 

At start: 2/V 6/r 

0/F 

0/V 

A. 1 2-X 6-X 

Atequil: y y 

x/y 

X/V 

The equilibrium equation is then: 
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X X 
V V 

^ (2- X)(6-X) ** 

V V 

Since F occurs throughout, it can be canceled, and one has 


(2 - X)(6 - X) 

Simplification and rearrangement gives: 

4(2 - JT)(6 - X) - 
4(12 -SX + X^) 

SA"’ - 32A' + 48 » 0 

By means of the quadratic formula one gets: 

32 ± Vag - 4 X 3 )r48 
“ 2X3 

32 ± Vl024 - 576 
6 

32 ± 21.2 
6 

The positive sign would give an impossible answer; thus, one has 


That is, 1.8 moles of ethyl acetate are formed, and the per cent conversion is 

y X 100 - 90% 


EXERCISES 

1. Calculate the percentage conversion of 1.5 moles of acetic acid when allowed 

to come to equilibrium with 5 moles of ethyl alcohol, Ans. 91.1%. 

2. What weight of alcohol and ester will there be at equilibrium^ at 25° in a mixture 
of 20 g. of ethyl acetate and 30 g. of water? 

Ans. 7.4 g. of ethyl alcohol and 5.0 g. ethyl acetate. 

* Given the equation for a reaction, 

A + B;=iC + D 

the equilibrium constant K can be expressed 

K-<-^ 

(A)(B) 

If the equation is written in the reverse direction, C + D ;=: A + Bi the new equilibrium 
constant K' is the reciprocal of the former, i.e., 

_ (A) X (B) _ I 
(C) X (D) K 
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3. A mixture of 0.3 mole of pure ethyl alcohol and 0.1 mole of pure butyric acid waa 
allowed to stand until equiliMum was established. The mixture was then titrated 
with a base so rapidly that no ethyl butyrate hydrolysed. To neutralise the solution, 
150 ml. of 0.5 alkali were required. Find the value of the equilibrium constant. 

Ana. K - 0.0303. 


A-d LABORATORY OPERATIONS 


a. Extraction. When a solution of a substance in one solvent is shaken 
with a second solvent which is immiscible with the first, the solute distributes 
itself between the two solvents in such a way that a definite ratio is set up 
between the concentrations of the solute in the two phases. The equilibrium 
is represented by the equation, Ci/Ct ® K, where Ci and Ci are the concen¬ 
trations of the solute in the two solvents, and K, usually called the partition 
coefficient, is a constant. 


Problm: A substance is five times as soluble in ether as in water. An aqueous solution 
of the substance contains 15 g. per 100 ml. of solution. If 100 ml. of this solution is 
shaken with 50 ml. of ether, what weight of the substance will be found in the ether 
layer? 

Solrdion: Let X be the amount that goes into the ether, then 15 — .X is the amount 

15 — JT 

that remains in the water; X/50 is the concentration in the ether and is the 


concentration in the water. 
Then: 


X 

50 


X 

50 

15-X 


• 5 


100 

5 (15 - X) 
100 

lOOX 

50 

2X 

IX 

X 


75- 5X 
100 

75- 5X 

75- 5X 
75 

10.7 g. 


Thus, 10.7 g. are in the ether layer and 15 — 10.7 >■ 4.3 g. remain in the water layer. 

This can be generalized for any pair of immiscible solvents. If a solution, 
containing a grams of solute in vi ml. of solvent A, is shaken with Vt ml. of 
solvent B, then the amount of solute that will be found in solvent B and A will 
be X and a - X, respectively. That is, 

X 


n 

a-X 

Vl 


K 
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Pnl^m: Suppose the water solution above were shaken with two 26-ml. portions 
instead of one 60-inI. portion of ether, what weight of the solute would then be removed 
from the water solution? 

15 — JC 

iSolutum; Here, X/25 is the concentration of the solute in ether and the 

concentration of the solute in the HiO layer. Thus, 


X 

25 

15 -X 
100 


5 


X 

25 

lOOX 

25 

4X 

X 


5(15 - X) 
100 

75-5X 

75- 5X 
8.33 g. 


The weight of the solute remaining in water solution is 15 — 8.33 » 6.67 g. For the 

6 67 

second shaking, ^725 is the concentration of the solute in ether and 

lUU 

is the concentration in H]0. 


Hence, 


X' 


6.67 - X' 
100 


lOOX^ 

25 

4X' 


5(6.67 - XO 
33.35 - .5X' 


X' - 3.71 g. 

'rhereforc, the total weight of solute that has been removed is 8.33 + 3.71 g. ■> 12.04 
g., while 15 — 12.04 2.96 g. remained dissolved in the water. If this is compared 

with the amount left after one 50-ml extraction, it is seen that 4.3 — 2.96 >■ 1.34 g. 
(or about 9%) more of the solute was removed after the two 2S-ml. e.\tractions. 


EXERCISES 

1. When 5 g. of aniline was shaken with a mixture of 100 ml. of water and 50 ml. 
of ether, the ether layer was found to contain 4.17 g. of aniline and the water layer 
0.83 g. of aniline. Calculate the partition coefficient of aniline between ether and water. 

Atu. 10. 

2. One liter of water containing 14 g. of aniline was extracted witii two successive 

100-ml. portions of ether. What weight of aniUne remained in the water layer after 
the second extraction? Ant. 3.5 g. 
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b. Stetm When two or more mutually immiscible substances 

are mixed, the vapor pressure of each substance is independent of the other 
and the vapor pressure of each substance is what it would be if it were alone. 
The total vapor pressure at any given temperature is the sum of the individuid 
partial pressures at that temperature. The number of moles of each substance 
in the vapor state will, of course, be proportional to the respective vapor 
pressure. This is expressed for two substances by the relationship: 

^ * Es 

nt Pi 

where n and p are the number of moles and the partial pressure, respectively. 
Since the distillate is approximately of the same concentration as the vapor 
above the boiling liquid, this indicates the relative amounts of two immiscible 
liquids that will co-d still. Two immiscible liquids will co-distill when the sum 
of their partial pre.ssures is equal to the atmospheric pressure. 



figt A«1. Vapor pressure-temperature graph for toluene, water, and toluene plus 

water. 







714 TEXTBOOK OF ORGANIC CHEMISTRY 

The boiling point and the vapor pressure at the boiling point of a mixture 
of tvro immiscible liquids cui be found by determining at what temperature 
the sum of the two vapor pressures is equal to atmospheric pressure. This is 
easily done by plotting vapor pressure versus temperature for each compo¬ 
nent, and then adding the vapor pressures at various temperatures and plot¬ 
ting these sums against temperature. The temperature at which this curve 
of total vapor pressure crosses the atmospheric pressure line is the boiling 
point of this mixture. Then, at this temperature the separate vapor pressures 
may be read from the individual curves. For illustration, see Figure A.l for 
toluene and water. The toluene + water curve is observed to cross the 760- 
mm. line at about 84.5°. From the toluene curve, it is found that the vapor 
pressure of toluene at this temperature is 336 mm., and from the water curve, 
the vapor pressure of water at 84.5° is found to l)e 424 mm. 

Problem: At 66.5° the vapor pressures of water and CCh are 200 mm. and 560 mm., 
respectively. What weight of CCh will be found in the distillate after 1 1. of water 
has been collected? 

Solution: Using the equation 

ncn. _ Pea, 

WHiO Fh,o 

where Pca 4 “ 500i PhiO “ 200, and nH,o ” 1000/18 = 55.6 (assuming the density 
of water to be 1 g./ml.). After substitution in the equation, one gets 

560 

nca, = 55.6 X — = 155.8, or 156 moles 
Therefore, weight CCI4 = 156 X 154 = 24,000 g. 

EXERCISES 

1. At what temperature will a mixture of aniline and water steam distill and what 

weight of aniline will distill per liter of water? Am. 98.5°; 287 g. 

2. At 97°, the vapor pressures of o-chlorobromobenzene and water are 95 mm. and 

665 mm., respectively. What minimum quantity of water would be required to steam 
distill 100 g. of o-chlorobromobenzene? Am. 65.7 ml. 

c. Fractional distillation. If two liquids form a solution which is almost 
ideal, or if one assumes that the solution obeys Raoult’s law, then one may 
calculate the composition of any mixture of the two liquids that boils at a 
given temperature below the boiling point of the higher boiling liquid. Also, 
the composition of the vapor in equilibrium with the boiling liquid may be 
determined, which, in absence of refluxing, represents the composition of the 
flrst part of the distillate. 

Problem: The vapor pressures of pure nitrobenzene and of pure benzene at 100° are 
20.8 and 1340 nun., respectively. What is the composition of a mixture of the two 
which boils at 100° at 7W mm. pressure? What would be the we^ht per cent of nitro- 
bensene in the first portion of the distillate? 
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So^wtion; AaButning Raoult’s law to hold, one has: 

( 1 ) 

Pn~Po.N. ( 2 ) 

where Ph and F« are the partial vapor preseuree of benzene and nitrobenzene, P^^ 
and Fo. are the vapor pressures of the pure separate components at the same tempera> 
ture, and and iV. are the mole fractions of the two components in the solution. Also: 


N, + = 1 (3) 

Pt + P.~ 760 (4) 

Solve (1) and (2) simultaneously with the aid of (3) and (4). From (3), Alt >■ 1 — AT., 

and from (4), Ft = 760 - F„ which can be substituted in (1) for Ft and iVt. This 

gives the equation: 

760 - F, - FJl - ATO 

Now, use the numerical value of 1340 for F„„ and from (2) substitute the value Fe.Al„ 
for Pn to give 

760 - (Po^Nn) = 1340(1 - N,) 

By using the numerical value of Fg., one gets an equation with one unknown, Al.; 
760 - 20.8Ar„ = 1340(1 - N„) 

Simplification gives 

1319A1* = 580 

Therefore, 

Nn » 580/1319 = 0.44 gr 44% 

Alt - 1 - 0.44 = 0,56 or 66% 

These are mole per cents. The ratio of the weight of nitrobenzene to the weight of 
benzene is 

Wt. nitrobenzene 44 X 123 5410 , 

- m -m-s 1,24 

Wt. benzene 56 X 78 4370 


and the weight per cent of nitrobenzene in solution is 


5410 

5410 + 4370 


X 100 


65.3% 


Hence, tiie per cent by weight of the benzene is 44.7, which means that the composition 
of the solution is 55.3% nitrobenzene and 44.7% benzene by weight. 

Now, to get the composition of the first portion of the distillate, calculate the partial 
pressures of the initial vapor in equilibrium with the boiling solution. From equations 
(1) and (2), 

F» - Fjvr, 


and 


- 1340 X 0.56 - 751 mm. 

F. - Fg.JV, 


20.8 X 0.44 " 9.16 mm. 
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Ike total, of courae, ahould equal 760 mm. In llie vapor phase the mole fracliions of 
Hie oomponentB are; 

Tlwiefore, 


JV, 

Af. 


751 

760 

J_ 

760 


0.988 or 68.8% 


1 . 2 % 


The ratio of weight is 

Wt. benaene _ 98.8 X 78 _ 771 
Wt. nitrobensene 1.2 X 123 148 


and the weight per cent of benaene ia 


771 + 148 “ 

The weight per cent of nitrobensene is thus 16%. This indicates that a solution of 
44.7% benaene in nitrobensene produces an 84% benaene solution when it first begins 
to distill. 


EXERCISES 


1. At 66.5*C. the vapor pressure of pure CHCb (mol. wt. 120) is 920 mm. and that 

of CC1« (mol. wt. 154) is 560 mm. Assuming Raoult's law to hold, calculate the mole 
fractions of CHCh and CCb in a mixture of the two which boils at 66.5** under 760 mm. 
pressure. Aru. Nchci, “ 0.555; Nca' “ 0 445. 

2. What is the composition by weight of the first vapors given off when the above 

mixture boils? Aru. 61.2% CHCU; 38.7% CCU. 

d. DistUlatloii at reduced preasures.* The vapor pressure of a liquid is 
given by the equation: 

Inp-'H + Z (1) 

or in logs to the base 10, 

AW 

4.578 log p - / 


where 6H is the heat of vaporization in calories, T is the absolute temperature 
of the boiling point, p is the vapor pressure in atmospheres, and I is 1 routon’s 
conrtant. Over short temperature ranges, the vapor pressure of many liquids 
is given by the equation: 


logp 


-0.05223a . . 
-— j, + w 


The empirically determined constants a and b are listed in most handbooks 

'An excellent dMcusshm of the graphic estimation of boiling points at reduced prenures 
has been giv«i by G. R. Robertson, J. CAsm. £dt(C, t7,341 (ItMHJ). 
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for a number of substances. If they are not available, and if only the boiling 
p<Mt of the compound at atmospheric pressure is known, an estimate of the 
boiling point at reduced pressures may be made within satisfactory limits. 

From Equation 1, one can see that when the pressure is 1 atmosphere, 
I « &H/T, which is Trouton’s rule. The value of Trouton's constant,’ /, 
runs from about 20 for nonpolar compounds, such as ethers, hydrocarbons, 
etc., to 27 for associated liquids, such as alcohols and acids (page 162). It 
would be within experimental error to use 26 for water, alcohols, and acids, 
and 21 for all other compounds. 

Problem: What is the boiling point of propanol at 300 mm. pressure? Its boiling 
point at 760 mm. is 97*. 

SoliUion: Using 26 as Trouton's constant, one has: 

AH ■= 26 X (97 + 273) 

2^9610 

Hence, 

4.578 log (300/760) = -^ + 26 

4.578(-0.4037) = + 26 

T = 9610/32.43 = 345“K. 

= 72“C. (observed b.p. at 301 mm. is 75°) 

Conversely, by equation (1) one could calculate the vapor pressure of a substance at 
a given temperature. The same technique would be used, e.\cept T would be known 
and one would solve for p. 

Sometimes, only the boiling point at reduced pressure is known, and the 
boiling point at some other reduced pressure is desired. In that case, a dif¬ 
ferent form of equation 1 may be used, such as: 

A ^ AHjT, - Tt) 

2.303 X 1.987 X TsTi 

where Pt and Pi are the vapor pressures at temperatures Tt and Ti, respec¬ 
tively, and APT is the heat of vaporization. 

Problem: The boiling point of a certain aldehyde at 50 mm. is 135°. What is its ap¬ 
proximate boiling point at 12 mm.? 

SoliUion: Here, a less accurate estimate of the heat of vaporization must be made. 
Usually substances that are distilled at reduced pressures are those whose noimid 
boiling points are above 200°. If one takes 250° as an average boiling point, then the 
heats of vaporisation will range from about 20 X (250 + 273) = 10,460 cal. for non¬ 
polar liquids, to 26 X (523) - 13,600 cal. for polar liquids. A reasonable average 
value to take as the heat of vaporization of these high-boiling liquids is 12,000 cal. 
Elstimates made on this basis will have a 5° to 10° deviation from the experimental 
value. The boiling popt varies greatly with experimental conditions; therefore, for the 

’ See the Table compiled by Robertson, Und. 
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chantcteritation of liquids, properties are chosen such as the index of refraction and 
the denaty. Primarily, what is desired here is an approximation of the boiling range. 

If one assumes the heat of vaporization of the aldehyde to be 12,000 ca|., upon sub¬ 
stitution in equation 2 one gets: 


log (12/50) 


12.000(7, - 408) 
4.678 X 4087, 


-0.62 X 4.578 X 4087, = 12,0007, - 4.9 X 10* 

T . X to* 

’ 1.316 X l6« 


- 373*K. 


7, - 100“C. 


EXERCISES 

1. The boiling point of ethyl n-butylacetoacetate at 12 mm. is found to be 104°, 
What would be its boiling point at 760 mm.? 

Am. 236“ (o-ssuming A// = 12,000 cal.) 

2. The boiling point of ethyl furoylacetate is found to be 170“ at 20 mm. Calculate 

its boiling point at 10 mm. Compare this with 143“, the ohServed boiling point at this 
pressure. .-Ins. 149“ 

149° — 143° X 100 = 4,2% (error). 

143 

3. The boiling point of n-tetradecane is 253“ at 760 mm. Calculate its boiling point 

at 10 mm. pressure. Am. 109°. 


A-7 OXIDATION-REDUCTION REACTONS 

Hnlf-reaction method. As stated in Section 0.7, methods of balancing 
equations for redox reactions are quite arbitrary and most teachers have their 
own preferential techniques for doing this. The same principles are involved 
in balancing equations for organic as for inorganic reactions, although the 
determination of the relative oxidation stage of elements in organic compound.^ 
is usually less exact.* The procedure recommended in Section 6.7 involves the 
hidf-reaction method, and consists of the following steps for balancing each 
half-reaction.* 


Step 1: Balance all elements except hydrogen and oxygen. 

Step 2; Bring oxygen to a balance with HjO molecules; then bring hydrogen 
to a balance with protons. 

Step 3: Balance ionic charges with electrons. 

Step 4; (for alkaline media); Remove excess protons by adding an equal 
number of hydroxide ions to both sides of the arrow. 

Before working examples, several points should be brought forward. Potas- 


^**'*'**^** *'** ‘l*"®ribed a method of determining relative o.xidation stages of 

el^nts in orgimc compounds in the /. Chem. JTduf. 83 . 660 ( 1946 ). 

The author is indebted to Dr. Gus Dorough for this procedure. 
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$ium dichromate and potassium permanganate are the most common oxidizing 
agents used, in organic chemistry and it is to be known that their reduction 
products in aqueous solution are as follows, where the substances are written 
in their ionic forms: 

Acid Media Alkaline or Neutral Media 

CrA- -+ 2Cr+« Cr^Or 2Cr(OH), 

MnOr —► Mn+® MnOr —► MnOj 

Also, the student should be reminded that in alkaline solution, the halogens, 
chlorine, bromine, and iodine, go over into halide plus hypohalite ions (e.g., 
Clj —► Cl" + OCl“), CO 2 exists as COr, and acids will be in their salt or 
ionized forms. 

Problem: Write a balanced equation for the oxidation of CHi—CHNHj—CHfir— 
CHOH-CHOH-CH, to CH,COOH + GO, + HOOC-CH, + N, + Br* with po¬ 
tassium permanganate in alkaline solution. 

Solution: 

Step 1: First, the substances are written down in the form in which they will exist 
in the reaction mixture. 

CHr-CHNHr-CHBi^CHOH-CHOH-CH, ^ 

2CH,COr + CO,- -I- N, -I- Br- -|- OBr" 

Carbon is balanced by using 2CO,-, and nitrogen and bromine by using JN,, )Br~, and 
iOBr. 

CH,-CHNHr-CHBr-(CHOH)r-CH, 

2CH,COr -b 2CO,- -I- iN, -I- JBr- -1- JOBr" 

Although the author uses fractions, he finds that most students prefer to avoid them, 
BO that fractions will be eliminated here. To do this, multiply everything by 2. 

2CHr~CHNH,-CHBn-(CHOH)T-CH, 

4CH,COr + 4CO,- -I- N, -b Br + OBr (1) 

Step S; In equation (1) there are 4 oxygens on the left and 8 -|-12 -f 1 ” 21 on the 
right side; so add 17 HiO's to the left. 

2CH,CHNHr-CHBi-(CH0H):-CH, -j- 17H,0 

4CH,COr + 4CO,- -h N, + Br d- OBr 

Now, there are 2 X 14 -t- 2 X 17 « 62 hydrogens on the left side and 4 X 3 = 12 on 
the right; so add 62-12-50 H'^’s to the right. 

17H,0 + 2CHr-CHNHr-CHBi^(CHOH)r-CH, 

4CHiCOr + 4CO,- + Ni + Br" -1- OBr -|- 60H+ (2) 

Step 5: There are no ionic charges on the left aide and -4 d- (-8) + (—2) d- 50 - 
SO poaitive ehatges on the right; so 36 electrons are added to tha right aide. 
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17HiO + 2CHr-CHNH,-CHBi—(CHOH)iCH, 

4CH,CX)r + 4C0,-+ N. + Br 4-OBr + 50H++ 3&r (3) 

(It will be found that elertrona always go on the same side as the protons.) 

Skp 4- Equation (3) is balanced, but it is improper to have excess protons in an 
alkaline medium; so Stop 4 is employed. In this case, 50 hydroxide ions are added to 
both sides of the arrow, but SOH'*' and SO(OH~) are. immediately equivalent to SO 
HiO's; so now 17 HiO’s miiy.lK* subtracttHl from eac.h side. 

S0(OH-) +T7tttf>.+ 

2CHr-CHNH,-CHIli—{CHOH)r-CH,-♦ 

4CH,CO,- + 4C0,- + N, + Br + OBr" + 

36e-W 
33'^iO 

Now for the permanganate half-reaction. 

Step 1: MnOr —► MnO: 

Step f; 4 Oxygens on the left and 2 on the right; so add 2 HiO^s to the right side. 

Mn 04 - MnO, + 2H,0 
Now, 4 are added to the left. 

4H^ + Mn04’ Mn02 + 2H*0 

Step S: +4 — 1 * +3 charges on the left; so add 3 electrons to the left, 

3e' + 411" -I- Mn04“ ^ MnO^ + 2H20 
Step 4* Add 4 (OH*)’s to both sides and cancel 2 HjO’s. 

3e- + .4mrr +JB^+ MnOr ^ MnO, +'2 Hs(J^+ 4(0H-) (5) 

Now, combine half-reactions (4) and (5). The lowest common denominator (LCD) is 
36; hence 36/36 « 1 times equation 4 and 36/3 « 12 times equation 5.12 X equation 
6 gives us; 

36e- + 24 H 2 O + 12 Mn 04 - 12MnO, + 48(OH-). (6) 

Upon adding equations 4 and 6, and canceling items occurring on both sides of the 
arrow, one gets 

12MiiOr + 2(OH-) + 2CH,-CHNHr-CHBi—(CHOH)r-CH, ^ 

12MaO, + 4CH^»r + 4CO|-+ N, + Br + OBr + 9HiO (7) 

Equation 7 should be balanced. For a check, examine tiie chaises. Then are 
-12 + (-2) - -14 on the left, and -4 + (-8) + (-1) + (-1) - -14 on the 
i^^t. 

Of coune, in actual practice, the equations need not be rqwated as often as was 
done ben; it was done merely to clarify the explanations. 

ProblUm: What weight of potasnum dichromate would be lequbed to oxidise one 
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mole of CHi-CH-CH-CHi-CHNHr-CH, to CHr-CHOH-CHOH-CHr-CO 
—+ Nt in acid solution? 

Solution: In this problem, one need not write a completely balanced equation but 
merely find the electron change for the two reactants so that their molar reacting ratio 
may be ascertained. 

Step i: In this case, carbon is already balanced when the substances are written 
down, and nitrogen is balanced by using 2 moles of the organics. 

2CH,CH-CHCH,CHNH,CH, ^ 2CH,CHOH-CHOH-CH,-CO-CH, + N, 

Step 2: No O’s on the left and 2 X 3 - 6 on the right; so add 6 HiO’s to the left. 

6H^ + 2CH,CH--CHCH:CHNH,CH, -► 2CH,-(CHOH),-CH,-CO-CH, + N, 

Now there are2X6 + 2X13-38 H’s on the left, and 2 X 12 = 24 on the right; 
BO add 38 — 24 ■* 14 to the right. 

6H.0 + 2CH,CH—CHCHr-CHNH^CH, 

2CH,-(CHOH)*-CH^OCH, + N, + 14H+ 

Step S: No ionic charges are on the left and 14 on the right; hence add 14 electrons 
to the right 

6H,0 + 2CH,CH—CHCHjCHNHtCH, -* 

2CH,(CHOH),CH,COCH, + N, + 14H+ + 14r (1) 


Now, for the dichromate salt, 

Step 1: CfjOt” —^ 2Cr'^* 

Step 2: Cr A- -» 2Cr+» + 7H,0 

14H+ + CrA- - 2Cr» + 

Step S: +14 — 2 12 positive charges on the left and 2 X (+3) » +6 on the 

right; BO add 6 electrons to the left. 

6e- + 14H^ + CrA“ - 2Cr+* + 7H,0 (2) 

The LCD for electrons in equations (1) and (2) is 42. However, we need not multiply 
equations (1) and (2) throughout by the quotients; we only want to find out what 
numbers of moles of the oxidant and reductant are involv^. Hence, 42/14 — 3, or 
3X2-6 moles of CHiCH—CH—CH.—CHNHr-CHi, and 42/6 - 7 moles of 
CrA”. This indicates that 7 moles of KiCrA are required to o.xidise 6 moles of 
CHr—GH«-CH—CHr-^HNHr—CHi to the indicated products. Thus, to answer 
the initial problem, if it takes 7 moles of dichromate for 6 moles of the organic com- 
pcnmd, it would take 7/6 moles of KiCrA for 1 mole of the organic compound - 
7/6 X (294) - 343 g. 

Problem: Write a balanced equation lor the reduction of nitrobensene, C«HtNOi, 
to asobeniene, CiHiNMNCtHi, with LiAlHi. Assume that LiAlH4 goes to 
LiOH + Al(OH),. 

Solution; 

Step J; 


2C«HiNOi CiHiN—NCA 
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Step »: 2CJI(NO> -»(CJliN)t + 4H.0 

10 H’b on left 10 + 8 » 18 H’b on right 
8H++ 2CJI,NO,-»(C,HJ^), + 4HiO_ 
step s: 8H++ 8e-+ 2C.H,NO,-»(C.H,N), + 4H,0 

Step 4: TtWi-H-SHi; + Se" + 2CJI.NO, (CJIJJ), +‘1 IWl+ 8(0H-) 

4^5i0 

4H,0 + 8«- + 2CJI»NO, - (C,HsN), + 8(OH-) (1) 


ForLiAIH^: 
Step 1: 

Step i: 


Step 3: 


LiAlH« -* LiOH + AJ(OH), 

4H,0 + LiAlHi LiOH + Al(OH), 

4HsO + LiAlHi -► LiOH + Al(OH), + 8H+ 
4H,0 + LiAlH, LiOH + Al(OH), + 8H^ + 8e- 


Slep 4: 8(OH-) + WA.+ LiAlH4 - LiOH + AKOH), + 8«- 

Milo 

8(0H-) + LiAlHi -* LiOH + AKOH), + Se" + 4H,0 (2) 

Both half-reactions involve 8 electrons so the half-reactions may be added directly. 
If 4 HiO’s, 8 electrons, and 8 (OH~)’b are subtracted from both sides of the arrow, one 
geta 

2CJl,NO, -I- LiAlHi -♦ CJI.N-=NCJI, -|- LiOH + AI(OH),. 

Problem: Write a balanced equation for the oxidation of CeHtCH=CH—CHa to 
CiHiCHO -I- CHiCHO with nitrobensene, CaHiNOt, in alkaline solution (the nitro- 
bensene is reduced to aniline, CtHiNHj). 
iSofufum; 


Step 1: 


Cai,CH=CH-CH, -► COIaCHO -I- CHaCHO 


Step 3: 2H,0 -I- CJI.CH—CHCHi - CACHO -|- CH,CHO 


4-1-10-14 H’b 


10 H’s 


2H,0 -I- COIiCH-CHCH, - CJI»CHO -I- CHjCHO -|- 4H+ 

Sup S: 2Efi -H CJlaCH=CHCHa -» GaHaCHO + CHaCHO 4H+ + 4e- 
Step 4: 4(OH-) +'mA+ C,HiCH-CHCH, - 

CeHaCHO -I- CHaCHO + 4e- 

TjSio 


ForCJUn), 
Step 1: 

Step 3: 


CaHaNO, - C.H»NHa 
CallaNOt -► CaHaNH, ■¥ 2HjO 
SB’s 7-|-4-llH'a 


8H+ -h CaHaNO, -♦ C,H,NH, + 2HK) 



AN«NDIX 


723 


%} S: 8e- + 6H+ + GJI,NO, -► CJI,NH, + 2H,0 

sup 4: ar + W i 6 (Q ltl+ -»CJI.NH. + 2H,0 + 6(0H-) 
4^,0 

LCD • 12, hence, 

I2(eifci.+ aCiHiCH—CHCH, -»acjiiCHO + 3 CH,cho +'rsc + 6 H,o 
lx + 2 >H,0 + 2C,H.N0, - 2CJI.NH, + 

3CiH,CH—CHCH, + 2H,0 + 2CJI,N0, - 3C,H,CH0 + 3CH,CH0 + 2C,H,NHj 

Vtlcnce>chBiige method. If one can assign tentative oxidation numbers to 
carbon atoms in organic compounds, then the valence cha ige method may 
be used and often takes less time than the method illustrated above. The 
assignment of oxidation numbers to elements is merely for convenience and 
is entirely arbitrary.^® One scheme that is fairly simple is the following." One 
assumes oxidation numbers of -2 for oxygen, +1 for hydrogen, and zero for 
all other elements in organic compounds except carbon. Use molecular for¬ 
mulas for convenience. 

lUusiration: Write a balanced equation for the oxidation of v^Hj—CHOH—CH*— 
CH-OH—CHiOH to CHj—CO—CH 2 —COOH + COj with potassium dichmmate in 
acid solution. 

Solution: The small numbers appearing above molecular formulas refer to the gross 
oxidation numbers assigned to the respective elements, 

-H+12-4 o+e-fl +4-4 

C.Hi ,02 C^HflOa + 2 CO 2 (a) 

That is, if each oxygen is - 2 and hydrogen + 1 , then to be neutral, the 6 C's in CeHuOt 
must collectively contribute -8 charges; the 4 C's in CiH«Oi must have zero charge, 
and the C in CO 2 must have an oxidation number of +4. Collectively, the carbon 
atoms undergo an electron change from -8 to 0 + 2(+4) = 16 electrons. For di¬ 
chromate, we have as usual: 

6 €“ + CnOr -> 2 Cr^» (b) 

Hence, the LCD between 6 and 16 electrons is 48; so, 

48/16 X (a) gives 3CJI|A SC^HA + 600, 

48/6 X (b) gives SCrjOT* —> I 6 Cr^® 

~3CMh + SCTiOi- 3 C 4 H.O 3 + 6 CO 2 + 16Cr+> ( 1 ) 

To balance this, bring oxygen to a balance with HxO, then hydrogen to a balance 
with protons. There are 3 X 2 + 8 X 7 « 62 O's on the left, and 3X3 + 6X2 = 21 
O's on the right side; hence, 62 - 21 = 41 H*0's are added to the right. 

SCJIijOj + SCrA- 3 C 4 HA + 6 CO 2 + 6 Cr+* + 4 IH 2 O 

‘•Cf. D. F. Swinehart, /. Chem. Education 89, 284 (1952); G. W. Bennett, ibid. 81, 167 
(U64). 

The author is indebted to Professor Moddie D, Tuylor for this scheme. 
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Now, Bince there are 3 X 12 *■ 36 H'b on tfie left and 3 X 6 + 41 X 2 »■ 100 H’b on 
the right side, add 100 — 36 -> 64 ions to the left side. 

64H'^ + 3Caii,0* + 8CrA- 3C4HaO, + GCO* + 16Cr-^* + 4lH«0 (2) 

This is the final balanced equation and an examination of charges reveals that they 
check; +64 + (-16) ■* +48 on the left, and 16 X (+3) = +48 on the right. 

Problem: What weight of potassium permanganate is required to oxidize 50 g. of 
cinnamaldehyde, CiHsCH^-CH—CHO, to benzoic acid, CaHiCOOH, and COi in 
alkaline solution, if the permanganate is only 95% pure? 

Solution: Again, one merely wishes to know the rea(^ting molar ratio between the 
cinnamaldehyde and the potassium permanganate for this reaction. Sufficient KMnO^ 
is used to provide the required number of equivalents of oxidant. 

-6+S-2 -2-h5-4 +4-ft 

Step 1: C,H(0 CMkO, + 2CO. + 12«- 

Step F; 3s“ + MnOr MnOz 

Step 3: CgHaO + 4 Mn 04 ’” ^ 4MnO* + C7Hi02’~ + 2CO*" 

Therefore 4 moles of potassium permanganate are required per mole of cinnamalde¬ 
hyde. The molecular weight of the latter is 132; hence, 4 X (50/132) moles of KMnOi 
(mol. wt. « 158) are required. Inasmuch as the potassium permanganate is only 95% 
pure, the weight to be used is 

In cams where it is clear that one portion of a molecule does not undergo a 
change, this portion may be neglected when asaigning oxidation numbers. For 
example, if is oxidized to CJltCOOH, then the C«Hi need not be 

considered. 

-3+3 +3-4+1 

C JJ.CH, -4 C,H*-CO 

—3 —» +3 * 6 electrons gained 

On the other hand, if a gross oxidation number for carbon in these compounds 
had been assigned, the same electron change results. 

-B+8 -2+B-4 

CtH, -» CtH^O, 

—8 -♦ -2 - 6 electrons gained 

Preblm: What weight of KMnO, would be required to oxidise 100 g. of erode 
acetophenone to bensoic acid in acid solution if the KMnO. is only 96% pure? To 
ascertain the acetophenonecontent of the crude material, a 5.g. sample from the same 
stock was reacted with excess 2,4.dinitrophenylhydraxiiic reagent and 0.99 g. of the 
2,4.dinitrophenytliydrasone was precipitated. 

Sdution: One needs to know the reaction ratio between KMnO* and acetophenone, 
and how much acetophenone is actually in the 100 g. of crude material. The latter 
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fact ia obtainable from the amount of 2,4KlinitrDphenylhydraaone produced from the 
5-g. sample. 

X S-W (. 

CaOOCHi -I- H,N-NHCJIi(NO,), - CAC(CH,)—N-NHC,H,(NO,), 

ISO 100 ■ 

From the equation for the reaction and the molecular weights, one has the ratio, 
where X is the weight of acetophenone in tile 5-g. sample. 


9.99 

120“ 300’ 


X - 4g. 


Hence, 5 g. of crude material contains 4 g. of acetophenone. Accordingly, 100 g. of 
crude material contain: 


4 X 
5“ lOO’ 


y-80g. 


Now, to get the reacting molar ratio between KMn 04 uid acetophenone: 

-1+3-J +3-4+1 +4-4 

CACAO CACO-I- CO, 

-a>- 

-5«- 

MnOr —* Mn"*^ 


LCD = 40, and the ratio is SCACOCH, to SKMnO, 


This gives the ratio: 

80 Z 
5(120) " 8(158)’ 


Z - 169 g. 


However, since the KMn 04 is only 96% pure, the actual amount to be weighed out 
and used is 


169 


( 100 ) 

96 


176 g. 


EXERCISES 

1. Write balanced equations for the oxidation of toluene to bensoic acid with potas¬ 
sium permanganate in acid and alkaline solutions. 

Atu. 6Mn04- -I- 5CACH, 18H+ 5CACOJI -I- 6Mn^ -|- 14H,0 

2 Mn 04 - -I- CJI,CH, -* CACO," -I- 2MnO, -|- OH" + H,0 

2. Write a balanced equation for the reduction of nitrobensene with iron in acid 
solution. Assume that the iron is oxidised to ferric ion and the nitrobensene is reduced 
to aniline (CANH,'*' in acid solution). 

Ant. 2Fe -|- CJIiNO, + 7H+ - CJI,NH,+ -h 2Fe+' -|- 2H*0 

3. What weight of potassium permanganate would be required to oxidise 100 g. of 
naphthalene to phthaldehydic acid (o-formylbensoic acid) with KMnO, in alkaline 
solution? 

Ans. aC»H,+16MD04-->4H^ + iaMnO,-|- OH" + ()CO,-+30CH—C A-CO,' 
timtrfora, 668 g. of KMnOi 



726 


TEXTBOOK OF ORGANIC CHEMISTRY 


4. What weight of CrOi would be used to oxidiie 50 g. of p<iutrotoluene to p-nitro* 
benial diacetate to acetic add-acetic anhydride solution? 

Am. 12H+ + 6AcOH + 30.NC,H,CH, + 4CrO, - 

4Cr+» + 30,NC.H4CH(0 Ac), + 12H,0 

thCTefore, g. ot CrOi 

5. Write a balanced equation for the oxidation of CHj—CHOH—CHj—CHO to 
CHi—CO—CHiCOOH with potassium dichromate in acid solution. 

Am. •16H+ + 2CrA" + 3CHiCHOHCH.CHO -* 

4Cr+* + llHiO + 3CH,COCH*COOH 

6. Write a balanced equation for the oxidation of 2-hexene to 2,3-hexanediol with 
potassium permanganate in aq. sodium carbonate. 

Am. 4H/) + 2MnOr + 3CH,CH,CH,CH=-CHCH, -» 

3CH,CH,CH,(CHOH)i-CH, -|- 2(OH-) -t- 2MnO, 

7. Write a balanced equation for the reduction of ethyl propionate to propyl alcohol 
and ethyl alcohol with s^ium metal. 

Am. 4HjO -I- 4Na -|- CH,CH,COjC,H, 

CHjCH,CH,OH-1-CjHsOH-I-4 Nr+-I-4(0H-) 

8. Write a balanced equation for the oxidation of ethyl alcohol to acetic acid with 
KMnOi in acid solution. 

Am. 12H+ -I- 4MnOr + 5CH,CH,OH 5CH,COOH -f 11H,0 -f 4Mn++ 

9. What weight of potassium dichromate and o-xylenc would be required to prepare 

1 mole of phthalic acid if the per cent yield in the reaistion is 85% and the potassium 
dichromatc is 96% pure? Am. 124 g. o-xylene; 720 g. KjCrA 
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Addition of chlorine to bensene, 223 
Addition reactions 
anti-Markoimikoff, 106, 158 
HCN to C==0, 318 

hvdrogen halides to carboxylic acids, 354 
of alkenes, 104 ff. 
of carbenes, 143 
of carbonyl compounds, 317 ff. 
of cyclodeoene, 140 
of cyclopropanes, 146 
of halog^, 153-155 
of ketenes, 327 
sodium bisulfite, 317-318 
stereochemistry of, 153-156 
Additives, to detergents, 390 
to Essoline, 78 
Adenine, 529, 616 
Adenosine triphosphate, 465 
Adipic acid, 351 
Adrenaline, 366 
Adsorption of dyes, 599 
Aerosol bombs, 241 
Alanine, 514, 515 
Alathon, 587 
Alcoholates, 267 
Alcoholism, 256 
Alcohols 


acetylation, 268, 363, 368, 603 
addition to aldehydes and ketones, 320 
association of, 258 ff. 
boiling points, 259-261 
^ graph, 71 

chemical properties, 267 if. 
olassificatiOD, 248 
dehydration of, 94-98 
dehydration to ethers, 206 
determination of number of hydroxyl 
groups, 693, 696, 697 
esterification (sss also Esterification), 268, 
270 

ethyl, 254-257 

from Orignard reagents, 256-251 
hydrogen bonding of, 258 if. 
industrial production, 254 fi. 
infrared fr^uencies, 497 
Lucas test, 26^270, 498 
n.m.r. chsmteristios, 270, 498 
nomendatofe, 248-240 
oxidation, 27^274 
physical constants, table, 261 
phracal properties, 258 ff. 

^yhydne, 28^288 
pitfmtim, 240-264 


reaction chart, 272 

study exercises, 291 

test questions (Set 10), 292-294 

tests for, 497 

types, 248 

water solubilities, 261 
Aldehydes, 308-336 
addition reactions 
of alcohols, 320 
of amines, 319 
of bisulfite, 317-318 
of Grignard reagents, 318 
of hydrogen cyanide, 318 
base-catalyzed condensations, 323-325 
boiling points, graph, 71 
Cannizzaro reaction, 322 
chemical properties, 317 IT. 

Clemmensen reduction, 329 
from acid chlorides, 313-314 
from diazonium salts, 410 
from Grignard reagents, 312-313 
halogenation, 325 
nomenclature, 308 
oxidation, 329-330, 338 
Perkin reaction, 324-325 
physical constants, table, 316 
polymerization, 321 
preparation, 310 ff. 
reaction chart for, 332 
reaction chart for preparation, 315 
reduction, 252-253, 328-329 
spectral characteristics, 496-497 
study exercises, 333 
tests for, 495-496 
test questions (Set 12), 333-336 
uses, 332 
Alder, Kurt, 117 
Aldol condensation, 323 
Aldols, 323 
Aldoses, 531 
action of alkali on, 546 
from ketoses, 544-555 
Aldoximes, 425 

Alicyclic compounds (see ofso Cyclic com¬ 
pounds) 139 ff. 
geometric isomerism, 145 
nomenclature, 139-140 
optical isomerism, 145 
physical constants, 144 
preparation, 140 ff. 
study exercises, 160 
test (questions (Set 5), 161-162 
Alicyclic hydrocarbons, boiling and melting 
points, table, 144 
Aliphatic chemicals 
from acetylene, 135 
from coal, l3l 
sources, 54 ff. 
uses, ts^le, 65 
Aliphatic conmounds 
definition, & 
reaction chart, 483 

Ahphatio dicarboxyUc acids, preparation, 
351, 354 
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Aliphfttic free redicale (m also Free radi- 
cali), OOff. 

Aliphatic*, chlorination of, 69 

Aliphatic hydrocarbons (sss Alkanes; Al- 
kenes; Alkynes; Alicyclic hydrocar¬ 
bons) 

Alkadienes, 114ff. 

Alkaloids. 067-570 
sources, table, 568 
study exercises, 570 
test questions (Set 22), 571 
uses, table, 568 

Alkan^ioic acids, 351, 381-382 
polycondensation of, 352 
pyrolysis, 352 

Alkanes, 54 ff. 
addition to alkenes, 110 
boiling points, 63 
graph, 71 

chemical properties, 64 ff. 
cracking, 80-83 
density, table, 63 
from natural gas, 60 
halogenation, 18-19, 67-69 
heats of combustion, 70 
industrial production, 59 ff. 
melting points, table, 63 
nitration, 66-07 
nomenclature, 55 ff. 
oxidation, 64-^ 
physical properties, 62-64 
preparation. 56 ff. 
pyrolysis, 80-83 
reactions, 64 ff. 
sources, 59-60, 72-75 
spectral characteristics, 500 
sulfonation, 66 

table of physical constants, 63 

Alkenes, 89-128 

abnormal addition to, 106-109, 158 

acylation, 113 

adfdition reactions, 104 ff. 

peroxide effect, 108-109 
alkylation, 110 
as bases, 100 
boiling points, table, 99 
bond oibitals, 90 
chemical properties, 102 ff. 
cleavage, 113-114, 153 
density, table, 99 
from alkyl dihalides, 98 
from ketones, 464 
^metric isomerism, 47, 101 
halogenation, 104 ff. 
halonydrin formation, 107 
hydration, 109 
industrial preparation, 99 
infrared spectra, 81 
laboratory preparation, 92 ff. 
melting points, table, 99 
molecule orbitals, 90 
nomenclature, 91 ff. 
oxidation to lj^2-glycols, 103, 284 
osonolysisp 113-114 


physical promrtieB, 99 ff. 
poonnerisatfon, 111 ff. 
preparation. 92-99 
from alcohols, 94-98 
from alkyl halides, 92 
from quatemaiy anunonium salts, 98 
reaction chart, 125 
spectral characteristics, 500-^501 
stereoisomerism, 100-101 
study exercises. 125 
tests for, 100, 102, 106, 500 
teat questions (Set 3). 12^128 
Alkoxides, 267 
Alkyd plastics, 586 
Alkyl acid phosphates, 393 
Alkylate gasoline, 83 
Alkylation, 83, 110 
aromatic, 191 
definition, 83 
of acetoacetic esters, 377 
of amines, 400-401 
of ammonia, 396 
of carbohydrates, 541-543 
of malonic eaters, 380 
of toluene, orientation of, 197 
Alkylbenzenes 
boiling points, table, 212 
by Fnedel-Crafts reaction, 191, 209 
halo^nation, 211 
melting points, 212 
nitration, 196-198 
nomenclature, 195, 212 
oxidation, 211 
preparation, 209-211 
properties, 211-212 
side-chain halogenation, 224 
sources, 210 
Alkyl asides, 428 
Alkyl cadmium, 314 

Alkyl cyanides (see also Nitriles), 424-427 
hydrolysis, 339 
preparation, 425 
properties, 425 ff. 
nomenclature, 424:-425 
Alkyl dihalides 
cyclisation, 141-142 
dehalonnation, 98 
geminiu, 98, 130 
^paration, 327 
in fVeund reaction, 141-142 
vicinal, 130 

Alkyl fluorides, preparation. 237 
Alkylate gasoline, 110 
Alkyl groups 
definition, 32 

inductive effect, 108, 270, 404 
nomenclature, 32-39 
Alkyl halides 
ammonolysis, 398r-399 
as solvents, 241 
chemical properties, 225 ff. 
dehydrohalogemation, 92 ff. 
from alcohols. 222, 269 
from carboxylic acids, 347 
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hydrolysis, 228, 231^ 250 
nomenclature, 221 
physical properties, 225 
table, 226 
preparation, 222 fT, 
reaction chart, 229 
reactions, table, 228 
reduction, 57 If., 227 
Wurt* reaction, 58^59 
Alkyl hydrogen sulfates, 94 If. 

Alkyl isocyanides, 424-427 
nomenclature, 424-425 
Alkylsodium, 472 
Alkylsulfonic acids, 94 
Alkynes, 129-138 
acidity, 133 

boiling points, table, 132 
cleavage, 132 
densities, table, 132 
molecular orbitals, 129 
nomenclature, 129 If. 
oxidation, 132 

physical constants, table, 132 
preparation, 130 
properties, 131 IT. 
reaction chart, 137 
spectral characteristics, 500-501 
study exercises, 137 
tests for, 134, 500 
test questions (Set 4), 137-138 
uses, 134 
Allene, 115 
Aliethrin, 244 
Allo-ocimene, 577 
Allyl alcohol, 288 
AJlyl carbonium ion, 234-235 
Allyl chloride, 288 
Allyl ether, 297 
Allyl hsJides, 226 
resonance, 234-235 
Allylic halogenation, 636 
o-Allylphenol, 264 
Allyl radicals, 288-289 
Aluminum isopropoxide, 310-312 
Amides, 421-424 

deCTadation by Hofmann reaction, 399 

dehydration, 423 

from carboxylic acids, 346 

hydrolysis, 423 

nom^clature, 421 

physical constants, table, 422 

preparation, 421 ff. 

prop^ies, 422 

reaction with nitrous acid, 423 
reduction, 399, 401 
resonance, 422^23 
spectral characteristics, 498 
uses, 424 

Amides of sulfonic acids, 411-413, 463 
Amine oxides, 413 
Amines, 396-421 
acylation, 411,421 IT. 
and hydrogen bonding, 403 
base str^gi^ 404-406 


boiling points, table, 402 
chemical properties, 407 ff. 
derivatives, 411| 415, 463, 469 
dissociation constants, table, 402 
formation of isocyanides, 414 
from carboxylic acids, 347 
Hinsberg separation, 412-413 
Hofmann rearrangement, 416 
nomenclature, 39^397 
physical constants, table, 402 
physical properties, 402 n. 
preparation, 398-401 
Gabriel’s synthesis, 399 
reaction with arylsulfonyl chlorides, 411- 
412 


reaction with carbonyl compounds, 319 

reaction with nitrous acid, 407 ff. 

reaction with sodium, 414 

separation, 412 

stereochemistry, 406 

spectral characteristics, 499 

study exercises, 419 

test questions (Set 16), 420 

tests for, 499 

uses, 417 

Amino acids, 514-530 
amphoteric properties, 517 
chemical properties, 519 
formol titration, 518 
in proteins, table, 524 
natural, 514-516 
physical properties, 517-518 
sequence in proteins, 523 IT. 
structures, 514-516 
synthesis, 517 
test questions (Set 20), 530 
zwitter ions, 517-518 
Aminoazobenzene, 415 
p-Aminobenzoic acid, 616 
Ammonia, production, 66 
Ammonia-boron trichloride, 7, 8 
Ammonium sulfate from coal, 179 
Amphoterism, 517 
Amylenes, 91 
Amylopectin, 554 
Amylose, 554 
Analgesics, 299, .568, 569 
Analysis for functional groups, 492-513 
Anesthesia, 2fM)-301 
Anesthetics, 241, 567 
Anhjrdride formation, 344 
Aniline, 195 
acetylation, 418 
bromination, 415 ^ 

coupling with diazonium ions, 415 
Anionic detergents, 390 
Anisic acid, 341 
Anisole, 296 
lOlAnnulene, 205 
14 Annulene, 205 
ISjAnnuIene, 205 
Anomers, 538 
Answers 

to Three-Hour Examination 1, 


305-307 
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to Three-Hour Examination II, 62Q-623 
to teat questions, 02S-673 
Anthracene, 171, 212. 218 
Anthracite (hard coal), 176 
Antibiotics, 608^11 
Antifreese, 289 

Anti-MarkownikolT addition, 106, 108, 158 

Antimetabolite, 616 

Antiseptics, 241 

Antron, 586 

Antu, 2i5 

Appendix, 674-725 

Arenes (see also Alkylbenzenes; Biphenyls), 
209-220 

condensed-rings, 216 
nomenclature, 210, 212-213 
physical constants, table, 212 
preparation of alkylbensenes, 209-211 
properties, 211 
study exercises, 220 
test questions (Set 8), 220 
ultraviolet spectral constants, 171 
Arginine, 515,516 

Armstrong-Baeyer structure of benzene, 183 
Arndt-Eistert synthesis, 349, 364 
Aromatic aldehydes, nomenclature, 309 
Aromatic amines (see also Amines) 
base strengths, 405-406 
diazotization, 408 fT. 
oxidation, 414 

Aromatic character, 178 ff,, 477 
and chemical properties, 203 
and n.m.r. spectra, 204 ff. 
and physical properties, 204 
definition, 180 

of nonbenzenoid rings, 203-206 
study exercises, 206 
test questions (Set 7), 207 
Aromatic nitration, 433 
mechanism, 200-202 
Aromatic nuclei 
reduction, 192 

spectral characteristics, 499, 508-509 
testa for, 499 

Aromatic primary amines (see also Amines), 
400 

Aromatic properties of benzene, 180, 188- 
190, 203-204 

Aromatic reactions, 191 iT. 

Aromatic rings 
reduction, 192 

spectral characteristics, 499, 508-509 
Aromatic substi tution 
empirical rules for, 198-199 
mechanism, 200-202 
orientation of, 195-200 
Aromatic sulfonation, 461 
Aromatization, 84,210 
Arrow poison, 568 
ArylcarbinolSi 253 
Arvl cyanides, 462 
from diazonium salts, 408 
Aryl ethers. 206 
Aiyl6uotides,409 


Aryl halides (see also Halobenzenes), 
physical constants, table, 226 
preparation, 223 
replacement reactions, 229 
resonance, 234 
Arylhalomethanes, 224-225 
AitI iodide, 223, 408 
from anilines, 408 
Arylsulfonic acids, 461-463 
Aspartic acid, 515, 516 
Asphalt, 80 

AsphalUbase petroleum, 75 
Aspirin, 301, 560 
Association 
of dipoles, 265 

of hydroxy compounds, 258-266 
Asymmetric carbon atoms, 48-49, 443 IT. 
Atactic polymers, 112 
Atherosclerosis, 579 
Atomic orbitals, 1 
shapes, 3 6. 
shells, 1 
Bubshells, 2 
ATP 465 
Atropine, 568, 570 
Auto-oxidation, 330-331 
Auxochromes, 171, 596 
Avogadro, Amadeo, 22 
Axial bonds, 150 
Azeotropic distillation, 257 
Azobenzene, 435 
Azobenzenes, 410-411 
preparation, 410, 411, 415 
Azo dyes, 598 
for in^ain dyeing, 601 
Azomethane, 170 
Azoxybenzene, 435 
Azulene, 213 

Bacteria, 605 
Baekeland, Leo, 278 
von Baeyer, A., 147 
Baeyer’s test for unsaturation, 102 
Baeyer strain, 146 
Baeyer-Villiger reaction, 370 
Bakelite, 278, 585, 586 
Balancing redox equations, 281-283, 717- 
725 

Balata, 120 

Ball-and-stick models, 29, 32-36 
Barbiturates, 567 
Base, definition, 8 

Base catalysis (see also Condensations; Hy¬ 
drolysis; Replacement reactions) 
acetoacetic ester synthesis, 37 ff. 
coupling of diazonium ions, 214, 410 
eliminations, 93, 158-159 
isomerization of alkynes, 134 
Oppenauer oxidation, 310^11 
Pe^in reaction, 324-325 
Base strengths of amines, 404-406 
Base Bta^ngths 
and resonance effect, 406 
ahd storic hindrance, 404-406 
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of funines, Ubtei 402 
erf p3r]Tole, 563 

Bedonaon rearrangement, 328 
Beeewax, 371 
Benedict’s solution, 330 
Benialdehyde, 195 
Benaal diacetates, 314 
Benial halides, 224 
hydrolysis, 314 
Benaanilide, 422 
Bensene, 178 IT. 
addition of chlorine, 223 
aromatic properties, 180, 188-100, 203- 
204 

color, 171 

heat of combustion, 187 
molecular orbitals, 189-190 
nomenclature of derivatives, 195 
production, 210 
reactions, 191-192 
resonance, 189-190 
sources, 179, 210 
structure, 179-189 
uses, 191, 211 

Benzenediasohydroxide, 411 
Benzenediazoniuzn boroOuorides, 409 
Benzenedicarboxylic acids (see Isophthalic 
acid; Phthalic acid; Terephthalic 
acid) 

Benzene hexachloride, 223-224, 243 
Benzenesulfonamides, 412-413, 462-463 
fienzenesulfonyl chloride, 411, 462 
Benzidine rearrangement, 416 
Benzoic acid, 195 
Benzoin, 331 

Benzoin condensation, 331 
Benzonitriles (see also Aiyl cyanides), 
Benzophenone, 310, 315 
Benzoquinone, 274 
Benzotrichlorides, hydrolysis, 340 
Benzotrihalides, 224 
Benzoylacetone. 375 
Benzoyl bromiefe, 362 
3,4-BenzpyTene, 219 
Benzyne, 228 
Benzylamine, 402 
Benzyl halides, 224, 226 
resonance, 235 
Berberin^ 667 
Bergius, F,, 84 
BerMlius, 192 ff. 

Bicyclo compounds, 151 
Bimolecular reactions, 231 
Bimolecular reduction, 284, 329 
Biodegradation of detergenU, 390 
Bijoet, J. M., 454 
Biplmyl, 171, 212 
numbering, 213 

orientation of substitution, 213 
resonance, 215 
Biphenyl derivatives, 213 ff. 
opti<^ isomerism, 215-216 
preparation, 214, 409-^10 
Birch reduction, 192 


Bis-(cyclopentadienyl)-iron, 477 
Bis-jS-ethanolamine, 807 
Bisulfite addition compounds, 817-318 
Bituminous (soft coal), 178 
Blood plasma substitutes, 554 
Boat conformation of cyclohexane, 149 
Bohr, Niels, 194 
Boiling points 

and nydrogen bonding, 258 ff,, 297 
table, 403 
of acid halides, 362 
of acids and esters, 340 
of acids, 371 
of alcohols, 259-261 
graph, 71 
table, 261 
of aldehydes 
graph, 71 
table, 316 

of alicyclic hydrocarbons, table, 144 
of alkanes, 71 
table, 63 

of alkenes, table, 99 
of alkylbenzenes, 212 
of alkyl halides, table, 226 
of alkyl nitrites, 428 
of alkynes, table, 132 
of amines, table, 402 
of arenes, table, 212 
of aryl halides, table, 226 
of carboxylic acids 
graph, 71 
table, 341 

of dimethyl sulfide, 260 
of diols, 263 
of esters, 371 
of ethers, table, 297 
of homologous series, 71 
of hydroxy compounds, 259-261 
graph, 71 
table, 262 

of ketones, table, 316 
of mercaptans, 260 
of nitroalkanes. 428 
of phenols, table, 261 
Bond angle, 5 ff. 

Bond angles in alicyclic compounds, 147 
Bond angle strain, 146 
Bond dipoles, 164-166 
Bond distances 
in amides, 423 
in halogen compounds, 233 
in nitro group, 427 
measurement of, 163-164 
table, 164 
Bond energies 

of carbon-halogen bonds, 68 
table, 186 

Bond formation, 3 . 

Bonding in charge*transfer complexes, 469 
Bond momenta, table, 166 
Bond orbitals, 1 ff, 
hybridization, 5 ff. 

Bond order, 639 
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Bondii 1 ff. 

ind Atomic 1 ff. 

An^eB, 6 ff. 
covalent, 4 
definition, 8 
electrovalent, 4 
i<mic, 4 

ionic va. covalent, 9 ff. 

Bond-typea, infrared abaorption ranges, 168 
Boman^ 151 
Boach, C., 84 
Boron trichloride, 6 
von Braun reaction, 413 
Bromination 
heat of reaction, 68 
mechaniam, 18-19 
of aniline, 415 
of cyclodeoene, 149 
of nitroAlkanea, 429 
of phenol, 277 
Bromine 

addition to alkenes, 105-106 
reaction with alkanes, 18-19, 67-68 
2-Bromo-5-aminophenol, 195 
N-Bromoimides, 424 
Bromonitrobenzene. 195 
N-Bromosuccinimiae, 636 
Brown, H. C., 404 
Buchner, E., 526 
Buna-N rubber, 121 ff., 123 
Buna-S rubber, 121 ff. 

Butadiene, copolymeriaation with styrene, 
122 
n^Butane 
conformations. 51 
oxidation products, 65 
2-Batene, isomers, 47 
Butlerov, 194 
t-Butvlbenzene, 212 
Butyl groups, 37-39 
Butyl rubber, 121 ff, 

Butyramide, 421 
n-Butyric acid, 341, 350 
Butyrophenone, 310 


Cadaverine, 398 
Caffeine, 568, 570 
Calcite, 441 
Calcium arsenate, 244 
Calcium carbide, 130-131 
Calvin, Melvin, 614 
Camphane, 574 
Camphor, 151, 575 
CancOT reeearch, 606 
Canniszaro, Stanislao, 22 
CanniszATo reAction, 322 
Caoutchouc, 116 
Carbanions, 16, 93-94 
Acetylide ion, 130, 133-134 
cjrclopentadienide ion, 204 
tnphenylmethide ion, 235 
CArbenes, 142 
t*CarbiiiAtniiiei, 428 


Carbinols, nomenohiture, 240 
preparation, 253 
Carbo^oxy group, 368 
Carbobenzoxy chloride, 521 
Carbocydic compounds (see also Alicyclio 
compounds), 139 
definition, 23 

Carbohydrate metabolism, 386 
Carbohydrates, ^1-5^ 
acetal formation, 540 ff. 
acylation, 542-544 
alkylation, 541;-543 
chain-leng^ening reactions, 544 
classification, 531 
degradation, 544 
derivatives, 535, 542 
epimerization, 5^ 
hydroxyl group orientations, 548 
mutarotation, 536 ff. 
nomenclature, 531 
phenyloaazone formation, 534-535 
ring-size determination, M7-548 
study exercises, 557 
test questions (Set 21), 558 
tests for, 498, 534 

2-Carbomethoxycyclohexanone, 368 
Carbonation of Orignards, 339 
Carbon atom 

tetrahedral, 6-8,18, 48-49 
trigonal, 90 
Carbonium ions, 16 
and hyperconjugation, 270 
in dehydration of alcohols, 96-97 
production, 484 
rearrangement, 407 
stability, 279-272 
tetraphenylcyclobutenium ion, 206 
triphenylcyclopropenium ion, 206 
triphenylmethonium ion, 235 
tropylium ion. 204 

Carbon monoxide from formic acid, 350 
Carbon tetrachloride, 241 
Carbonyl compounds (sss also Aldehydes; 
Ketones) 

condensations with nitroalkanes, 431 
derivatives, 319 
reduction, 252-253, 328-329 
spectral characterirtics, 496-497 
study exercises, 333 
test questions (Set 12), 333-336 
tests for, 319, 495-496 
Carbonyl group, 308 
N-Carboxyanhydride, 521 
Carboxylic acids, 337-360 
acetoaoetic ester synthesis, 377-380 
acid halide formation, 344-345 
acidity, 342-344 
effect of substituents, 343 
table, 341 
amino, 514-519 
anhydride formation, 344 
boiling points, graph, 71 
taUe, 341 

ohemicd propertiea, 344 ff. 
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degradatioiip 345p 347^348 
dimeric, 341 
dissociation, 342-344 
esterification, 268, 369 
equilibrium calculations, 708 ff. 
mechanism, 346-347 
from acetoacetic esters, 378 
from fata, 384-386 
halogenated, 353-354, 381 
HelhVolhard-Zelinsky reaction, 349 
hydroj^, 355 
ionization, 342-344 
Kolbe synthesis, 59, 383, 630 
malonic eater synthesis, 380-383 
nomenclature, 337 
oxidation, 345 

physical constants, table, 341 
preparation, 336 IT, 
reaction chart, 346, 353 
reduction, 345 

resonance effect on dissociation, 343 
solubility in base, 344 
spectral characteristics, 497 
study exercises, 357-358 
teat for, 497 

test questions (Set 13), 358-360 
water solubilities, 341 
Carboxyl group, 337 
Carbowaxes, 288 
Carbylamines. 425 
Carcinogenic hydrocarbons, 218-219 
Camauba wax, 371 
Carothers, W. H., 582 
Carotenoids, 574 
Carrier catalysts, 223 
Caaing>head gasoline, 85 
Catalytic cracking 81-82 
Catechol, 284 
Catforming, 84 
Cationic detergents, 390 
Celanese, 556, 587 
Celcon, 686 
Cellobiose, 555 
Cellophane, 290, 557 
Celluloid, 556, 587 
Cellulose, 255, 565-557 
chain structure, 555 
uses, 557 

Cellulose acetate, 556 
Cellulose dinitratc, 556 
Cellulose ethers, 557 
Cellulose trinitrate, 556 
Cellulose Xanthate, 556 
Cetane number, 79 
Chain isomers, 46, 629 
Chain-lengthening 
of acetylenes, 133-134 
of carbohydrates, 544 
reactions, 484 

Amdt-Eistert synthesis, 349 
Chain reactions, 19 
Chain structure 
cellulose, 555 
nucleic acids, 528 


plastics, 588-591 

polymers {see ako Rubber; Plastics; Poly¬ 
peptides), 112-113 
polypeptides, 554-555 
proteins, 520-525 
rubber, 119, 123-124 
Chair conformation of cyclohexane, 149 
Charge-transfer complexes, 201, 467-471 
Chelates, 473-476 
in tests for amines, 502 
uses, 474-476 

Chemical bonds (see also Bonds), 1 
atomic orbitals, 1 
ionic vs. covalent, 9 ff. 

Chemical properties 
acid anhydrides, 366 
acid halides, 363-364 
alcohols, 267 ff. 
aldehydes, 317 ff. 
alkanes, 64 ff. 
alkenes, 102 ff., 125 
alkyl benzenes, 211-212 
alkyl cyanides, 425 ff. 
alkyl halides, 225 ff., 228, 229 
alkynes, 137 
amides, 422 ff. 
amines, 319, 407-419 
amino acids, 519 
arenes, 211 
aryl halides, 229 
arylsulfonic acids, 461 ff. 
benzene, 180, 188^190, 203-204 
carbonyl compounds (see Aldehydes; Ke¬ 
tones) 

carboxylic acids, 344 ff. 
esters, 371 ff. 

hydrocarbons {see also individual types), 
219 

hydroxy compounds, 267-278 
ketones, 317 ff. 
nitroalkanes, 428-431 
nitrobenzenes, 434 ff. 
phenols, 209, 274 ff., 278, 415, 598 
Chemical shifts, 174 
Chemical tests 

for functional groups, 495-501 
Chemiluminescence, o5 
Chemosterilants, 245 
Chemotherapy, 605-618 
general description, 605 ff. 

Chloral hydrate, 287 
Chloramine T, 463 
Chlordan, 243 
Chlorination 

of propane derivatives, product distribu¬ 
tion, 69 

heat of reaction, 08 
of propene, 288-289 
oc-Chloroacetophenone, 325 
Chloroacetic acid, 351 
Chloroform, 241 
Chloromethylation, 224 
4-Chloro-l-naphthyLainine, 397 
o-Chlorophenol, 
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Chlorophyll a, 564 
Chloropicrin, 433 
Chloroquine^ 566 
Chlorothiazide, 608 
Chlorpromazine, 612 
Choleic acidz, 471 
Cholestane, 578 
CholeBterol 

in coronary heart disease, 579 
structure, 578 

Chromic anhydride-pyridine complex, 312 
Chromium tnoxide, 314 
Chromophores, 169 ff., 636 
Chromosomes, 529 
cis4rans Isomerism, 47, 101, 145 
cis-trans Isomers, 47, 101, 145 
spectra, 101 
Citral, 575 
Citric acid, 357 
Citronellal, 575 
Ciironellol, 575 
Claisen condensation, 373 IT. 

Classihcation of organic compounds, 23 
Clathrates, 470 

Claus structure of benzene, 182 
Cleavaae reactions (see aUo Hydrolysis; Oxi¬ 
dation, Ozonolysis, Pyrolysis), 485- 
487 

of acetoacetic esters, 377-379 
of alkenes, 113-114, 153 
of alkynes, 132 

of esters, 157, 372-373, 377-383 
of ethers, 299, 500 
of methyl ketones, 326, 328 
of malonic esters, 380-382 
Clernmensen reduction, 329 
of cyclanones, 141 
C-Nitroso compounds, 430 
Coal 

as source of gasoline, 85 
pyrolysis, 55, 178-179 
sources, 178 
Coal tar, 179 

Coal tar industry, 602-603 
Cocaine, 568, 570 
Cochineal, 601 
Code index system, 45 
Codeine, 568, 569 
Coke, 80, 179 
Coke-oven gas, 179 
Collodion, 556 
Colophony, 574 
Color, 593-694 
of diphenylpolyenes, 71, 170 
of simple ebromophores, 170 
Colorimetry, 236 
Colors of visible light, 594 
Combustion 
heat of, 186 ff. 
n-alkanes, 70 
cycloalkanes, 148 
of ^kanea^ 65 

CombuBiibiuty of organic compounds, 14 
Compariion 


of benzene and alkenes, 180 
of hydrocarbons, 219 
of organic with inorsanic compounds, 9 ff. 
of phenols and alcohols, 269 
Competitive inhibition, 615 ff. 
Complementary colors, 594 
Complexation, 414 
Complex metal-hydrides, 488-491 
Composition analysis, 675 
Compression ratio, 78-79 
Concerted eliminations, 93 
Condensations 
aldol, 323 
Benzoin, 331 
Cannizzaro, 322 
Claisen, 373 ff. 

Dieckmann, 379 ff. 

Michael, 431 

nitroalkanes with carbonyl compounds, 
431 

of carbonyl compounds, 323 ff. 
of diazonium salts, 278 
of phenols with formaldehyde, 278 
Conefensed-ring arenes, 216 
Conductivity of salts, 14 
Configurations, absolute and relative, 453 
Conformation 
definition, 33, 51 
Conformational analysis, 51 
Conformations 
eclipsed, 51 
of carbon chains, 44 
of cyclohexanes, 149 ff. 
of dichloroethane, 33-34 
staggered, 51 

Conjugated dienes, 115 ff. 

Conjuption in dienes, 115 
Coordinate covalent bond, definition, 8 
Copper alkynides, 132-134 
Copper-amine complex, 414 
Copper lactate, 244 
Copf)er naphthenate, 244 
Coprostane, 578 
Coronary heart disease, 579 
Coronary thrombosis, 579 
Cortisone, 580 
Cotton, 555 
Couper, A. S., 194 
Coulombic attraction, 4 
Coupling of diazonium salts, 214, 410-411, 
415, 503 

Covalence of some elements, 26 
Covalent bonds 
angles, 5 ff. 

comparison with ionic bonds, 9 ff. 
energies, table, 186 
Cracking, 80-83 
of ethane, 66 
products, table, 83 
Crick, F. H. C., 530 
Crotonaldehyde, 316 
Crude petroleum, 76 
CryoBcopy, 236, 679 
Crystal violet, 596 



736 


INDeX 


CumeDe, 258 

Cumene hydroperoxide, 256 
Cumulated dienee, 115,143 
Cupric acetylaeetone, 474 
Cutch, 601 

Cyanides (ase aho Nitriles) 
addition of Grijroard reagents, 426 
from amides, 425 
hydrolysis, 426 
preparation, 425 
reduction, ^ 
uses, 427 

Cyanohydrins, 318, 544 
Cyclanols, 141 

Cyclanones, preparation, 141 
Cyclic compounds (see also Alicyclic com¬ 
pounds), 139-162 
Baever strain, 146-149 
conformational analysis, 51 IT. 
dehydrogenation, 152 
ethers, 285, 301 
Keometric isomerism, 145 
heats of combustion, 148 
nomenclature, 139-140 
preparation, 140-143 
relative stability, 148 
stereoisomerism, 145-146 
Cyclic ethers, 287, 301 
Cycloalkanes, 141 
Cycloalkanones, preparation, 141 
Cycloalkenes, 141 

1,3,5-Cycloheptatriene, resonance energy, 
190 

1,3-CyGlohexadiene resonance energy, 190 
1(S),2(R)-Gyclohexanediol, 458 
Cyclohexanone, 335 
Cyclohexylamine, 402 
Cyclooctatetraene, 184 
dianion, 205 
resonance energy, 190 
Cydopentadienicfe ion, 204 
Cyclopentanones, preparation, 141 
Cyclopropane, 300 

Cyclopropane-1,2-dicarboxylic acids, 146 
Cyclcmropanes 
olennic character, 146 
preparation, 142-143 
Cyelopropylamine, 397 
^Cymene, 576 
Cystein, 514, 515 
Cytosine, 529 


^4-D,244 
Dacron 
dyeing, 600 
structure, 584 
uses, 586 
DDT, 242 ff. 

Deamination, iOff' 

Deatl^ major causes, 610 
Decalin, 151 

Decarboxylation, 348, 352,377 ff. 
Degradatton 


in mass qMCtroscopy, 175*176 
metliods, 483-484 
of acid halides, 363-364 
of carbohydrates, 544 
of carboxylic acids, 345, 347-348 
of fatty acids, biological, 387 
of teipenes, 576-577 
reactions, 485 

Dehalogenation, 98, 141-142 
Dehydration 
of alcohols, 94-98 
acid catalysis, 96-98 
to alkenes, 273 
to ethers, 268, 296 
of amides, 423 
of glycols to dioxanes, 287 
stereochemistry of, 156 
Dehydro [14] annulene, 205 
Dehydrocyclization, 84, 152, 210 
Dehydrogenation, 84, 152 
of alcohols, 273, 310 
to produce arenes, 210 
Dehydrohalo^nation, 228, 327 
of alkyl halides, 92 ff. 
stereochemistry of, 156 
m^Delphene, 243 
Delrin. 586 
Demerol, 569 
Denatured alcohol, 256 
Deoxypentose, 528 
Deoxyribonucleic acid, 528 ff. 
Derivatives, 493 
of acyl compounds, 423 
of amines, 411, 415, 463, 469 
of carbohydrates, 635, 5^ 
of carbonyl compounds, 319 
Desoxycholic acid, 471 
Destructive distillation 
of coal, 178 
of wood, 54 

Destructive hydrogenation, 84 
Determts, 387-383 
biodegradable, 391 
Diterpenes, 574 
Deuteration, 58, 409 
Deuterobenzenes, 409 
Dewar structure of benzene, 182 
Dextran, 554 
Dextrins, 554 
Dextrorotatory, 442 
Diabetes. 608 
Dialkylxmc, 472 
Diamond, 178 
Diastereolsomers, 450 
DiazoaUcanes, 142 
Diazocyclopentadiene, 207 
Diazoketones, 364 
Diazomethane, 89, 364 
in Amdt-Eistert reaction, 349 
Diazonium ions 

coupling reactions, 278, 415, 598 
repLaoement reactions, 408 n, 
resoiumoe, 408 
DiasotiMtion, 254, 408 ff. 
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Dibenso^methan^f 375, 623 
3,4,§,l(M)ibeiupyrene, 219 
ihlMbFomobenaeniej 195 
Dibromotyrottine, M4, 516 
l,2*Di4-biitylethylene, infrared apectrum, 
101 

Dicarboxylic acida 
aromatic, 351 

from xnalontc eatera, 381-382 
nomenclature, 351 

H nation, ^1 
orobenzene, 243 
bichlorocarbene, 275 
Dichloroethane, 33-34 
Dichloroethylene, iaomera, 47 
Dichroiam, 441 

Dieckmann condensation, 379-380 
Dielectric constant, 12 
Dieldrin, 243 
Diels, Otto, 117 

Diels-Alder reaction, 117, 275, 305 
and aromatic rings, 204 
Dienes, 114 ff. 

Dienophile, 117 
Diesel fuel, 70 
Diethylene glycol, 287 
Diethyl succinate, 352 
Diethyl toluamide, 243 
Diffraction techniques, 163 ff. 

Dibalides (nee alkyl dihalides) 

Dihydric alcohols, 283 
Diisocyanates, 586, 589 
Dimeric acetic acid, 263 
Dimeric carboxylic acids, 341 
Dimethylbenzenes (see Xylenes) 
2,2'-Dimethylbenzidine, 416 
Dimethylformamide, 423 
as a solvent, 428, 541 

3,3-Dimethylhydrazobenzene, 416 
Dimethyl sulfate, 542 
Dimethyl sulfoxide, 229 
as a solvent, 312, 428 
m-Dinitrobenzene, 417 

2,4-Dinitrochlorob6nzene, 195 
2,^Dinitrophenylhydrazones, 495 
Diolefins, 114 
Diols, boiling points, 263 

1,4-Dioxane, 287, 297, 298 
Dipentene, 574 
Diphenylacetylene, 212 
m-Di|)henylbenzene, 214 
1,^Diphenyl-1,3,6,8«nonatetraene, 465 
Diphenylpolyenes, color 
graph, 71 
Uble, 170 

Dipole, definition, 11 
Dipole association, 265 
Dipole-dipole forces, 265 
Dipole moments, 164-166 
induced, 11 
permanent, 11 
Direct dyeing, 600-601 
Diaaocharides, 531 ff,, 550-553 
lactose, 552 


maltose, 553-554 
sucrose. 550-552 

Displacement reactions (see also Replace¬ 
ment reactions) 
of esters, 371 ff. 

Dissociation of carboxylic acids, 342-344 
Dissociation constants, 343 
calculations, 698 ff. 
of amines, table, 402 
of amino acids, 518 
of heterocyclic bases, 565 
of hexaarylethanes, ^6 
of some phenols, 266 
Dissolution of salts, 12 ff. 

Distinguishing 
alcohols, 270, 274, 498 
aldehydes and ketones, 329 
aliphatic from aromatic aldehydes, 330 
amines, 499 

carbonyl compounds, 495 
Diuretic, 608 
DNA, 528 ff. 

Domogk, G., 607 

Double refraction, 441 

Dow processes, for phenols, 257-258 

Dromoran, 569 

Drug resistance, 245, 618 

Drugs, 605 ff. 

mechanism of action, 613-618 
sulfa, 607-608 
Dumas, 193 
Durenc, 212 

Dyeing, methods, 600-601 
Dyeing industry, 599-604 
Dyes 
azo, 598 

indigoid, 598-599 
phthalein, 596-598 
study exercises, 604 
types, 595 ff. 
uses, 603-604 
Dyes and dyeing, 593-604 
Dynamite, uses, 436-437 
Dynel, 587 

Ebonite, 120 

Eclipsed conformations, 149 
EDTA, 475 
Ehrlich, Paul, 015 
Electrofluorination, 238 
Electrolysis of carboxylic acid anions, 59, 
383, 630 

Electromagnetic spectrum, 440 
Electronegativity 
and aliphatic chlorination, 69 
of periluoro compounds, 240 
of some elements, table, 280 
related to hydro^n bonding, 258 
related to acid strength, 34^343 
Electron distributions, table, 2 
building-up principles, 1 
Electronic transitions, 169 
types, 171 

Electronic theory of acids and bases, 8 
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Electron etructuresi 7i 28, 020 reduction. 373 

Electron-withdrewing power of troupe (iee spectral characieiietics, 498 
also Electronegativity), 108 study exercises, 393 

Electrophilic reactions, definition, 64 test questions (Set 15), 393-^94 

Electrophilic substitution tests for, 498 

mechanism, 200-202 uses. 371 


of heter^'clic rings, 562, 565 
orientation, 195-200 
Electrovalence, 4 
Elimination reactions 
mechanism and stereochemistry, 156-160 
Embalming processes, 332 
Emetine, ^ 

Empirical formulas, 21 
of alley die hydrocarbons, 139 
of alkanes, 55 
of alkenes, 89 
of alkynes, 129 
of bensene, 180 

Empirical rules for aromatic substitution, 
198-199 

Emulsifying agents, 387-388 
Emulsions, 387 
Emulsin, 550 
Enantiomorphs, 443 
Enediols, 132, 546 
Energy, sources, 24-25 
Enols 

acidity, 323, 376 
content of ketones, 375 
spectral characteristics, 508 
test for, 497 
Enzymes, 526-527 
Eosin, 598 
Epimers, 54,5-546 

Epin^erization of carbohydrates, 546 
Epinephrine, 527 
Equatorial bonds, 150 
Equilibria, calculation, 698 ff. 

Equivalent and molecular weights, 689 ff. 
Ergot alkaloids, 568 
Essential amino acids, 516 
Essential oils, 573 

Esterification, 268,346-347, 368-369, 708 ff. 
equilibrium calculations, 708 IT. 
mechanism, 346-347, 369 
Esters, 367-394 
acetoacetic, 374-380 
chemical properties, 371 ff. 

Claisen condensation, 373 ff. 
cleavage, 157, 372-373, 377-383 
displacement reactions, 372 
formation, 268, 345 
half, 351 

malonic, 380-383 
nomenclature, 367, 374 
of inorganic acids, 289, 391-393 
nomenclature, 391 
preparation, 392 
properties, 391 
uses, 391-393 
physical properties, 371 
preparation, 289, 368 
pyrolysis, 157-160 


Estradiol, 570 
Ether, 241 

and anesthesia, 299-301 
Ethers, 268, 295-301, 500 
aromatic, 269, 206 
cyclic, 285, 301 
hydrolysis, 299, 500 
nomenclature, 295 
physical constants, table, 297 
physical properties, 296-297 
preparation, 296 
spectral characteristics, 500 
study exercises, 301-302 
test for, .500 

test questions (Set 11), 302 
Ethanol (sec Ethyl alcohol) 

Ethocel, 587 

Ethyl acetate, n.m.r. spectrum, 175 
Ethyl acetoacetate, 375, 377 
Ethyl acylacetates, 373 
Ethyl alcohol, 254-257 
commercial grade, 255 
industrial production, 254 ff. 
uses, 289-290 
N-Ethyl benzamide, 421 
Ethylbenzene from n-octane, 210 
Ethyl cellulose, 557 
Ethyl m^hJorobenzoate, 368 
Ethylene 

from ethyl alcohol, 95 
hydration, 254 ff. 
polymerization, 387 
Etliylenediaminetetraacetic acid, 475 
Ethylene chloride, 48, 241 
conformations, 33-34 
Ethylene glycol, 287, 584, 586 
uses, 290 

Ethylene oxide, 287, 298, 301 
Ethyl ether from etnyl alcohol, 95 
2-Ethyl-l,3-hexanediol, 243 
Explosives, 435 
sensitivity and power, 436 
Extraction, 629 
calculationsi 710ff. 

Faraday, 179 
Fat analyses, 693 ff. 

FaU, 2S», 383-386 
acid value, 385 
as sources of glycerol, 288 
fatty acid cont^t, table, 385 
hydrolysis, 2^, 3^ 
in biological systems, 386 
in coronary heart disease, 579 
iodine number, 386 
nomenclature, 383 
physical properties, 383-384 
roleniki number, 386 
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ReichertrMeiMl number, 385 
•aponificntion number, 385 
Fatty acids, 337, 350, 383-^84 
in fate, table, 385 
Fefaling’s solution, 330, 357, 541 
Fenton's reagent, 544 
Fermentation, 2^255, 527 
Ferric chloride 
test reagent for enols, 376 
test reagent for phenols, 269,278,497,501 
Ferricinium ion, 478 
Ferrocene, 477 

Final examination I, 303-304 
answers, 305, 307 
Final examination II, 619-623 
answers, 620-623 
Firedamp, 66 

Fischer, Emil, 181, 519, 539 
Fischer-Tropach process, 83 
Fittig, 209 
reaction, 214 
Fleming, A,, 608 
Fluorescein, 596-598 
Fluorination, 238 
heat of reaction, 68 
Fluorine compounds, 237-240, 409 
preperation, 237 ff., 409 
uses, 238 ff. 

Fluorobenzenes from anilines, 409 
Fluoroboric acid, 409 
Fluorocarbons, 238-240 
jS-Fluoronaphthalene, 222 
o-Fluorophenol, 264 
Fluorothene, 587 
Force constants, 169 
Formal charges, 11 
detinition, 8, 9 
Formamide, 422-423 
Formic acid, 340, 341, 349 
decomposition, 350 
Formol titration, 518 
Formyl group, 3(19 

Fractional crystallization of epimers, 546 
Fractional distillation, calculations, 713 ff. 
Franklin, E., 193 
Free radical catalysis 
halogenation, 211 
polymeriaation, 111 
Free radical reactions, 15 ff. 

characteristics of, 17 
Free radicals 
aliphatic, 60 ff. 
arylmethyl, 235 ff. 
in chlorination, 289 
Free rotation, 33 ff., 60 
Freon, 24Q-242 
Freund reaction, 141-142 
Friedel-Craftfl reaction, 209, 225, 315 
Fructose, 534, 551-552 
Fuchsin, 596 
Fumaric acid, 356 
Fumigants, 241, 244 
Functional ffroup analysis, 492‘*513 
quantitative, 680 ff. 


Functional groups, 25 
description, 32 
teats for, 495-501 
test questions (Set 19), 500-513 
Functional isomers, 46 
Fungicides, 244 
Furan, 559 ff. 

Furanose rings, 539 
Furfural, 560 
Furfuraldebyde, 560 
Fused-rings, 216 
Fusel oil, 255 
Fusions, 461 
Fustic, 601 

Gabriel's synthesis, 399, 655 
Galactose, 534, 552 
Gammcxane, 224 
Gas law equation, 679 
Gas laws, 678 
Gas oil, 79 
Gasoline, 77-79 
additives, 78 
sources, 77, 85 
Gas wells, 74 
Gattermann reaction, 408 
Gauche conformations of dlchloroethane, 
33-34 

Gem dihalides, 130, 327 
General equations, 57 
Genes, 529 

Genetic code, 529-530 
Geneva system of nomenclature, 39 ff. 
Geometric isomerism 
alicyclic compounds, 145 
alkenes, 47, 101 
dehnition, 47 ff. 

Geometric isomers 
infrared spectra, 101 
some physical properties, 444 
Geranine, 529 
Geraniol, 575 
Gerhard t, 193 
Germs, 605 
Geuther, 194 
Glacial acetic acid, 350 
Glucagon, 527, 525 
Gluco.se, W4 
cyclic structure, 537 
epimers, 535 

in disaccharides, 550-553 
phenylosazone, 535 
Glucose pentaacetate, 542-543 
Glutamic acid, 515, 516 
Glutaric acid, 351 
D-Glyceraldehyde, 453 
R-Glyceraldehyde, 455 
D-Glyceric acid, 464 
Glycerides, 383-386 
nomenclature, 384 
Glycerol, 284, 288, 385 
Glycerol chlorohydrin, 288 
Glycerol trinitrate, 289, 436-437 
Glycerol use pattern, 2^ 
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Gljrdxw, 91^ 916 
QlWii,599 

oSKasaff. 

prsparAtion. 103, 284, 329 
jinmrties, 2M ff. 

1,2-Glyooie 
from Alkenee, 103 

from carbonyl compounds, 284, 329 
1,8-Olycolfl, 324 
Giyooflidea, 550 
Gmelin, 193 
Gomberg, Moaea, 235 
Grain alcohol, 2£^257 
Graphic formulas, 21, 29 
Graaaes, 389 
Greek prefixes, 31 
Grignard, Victor, 227 
Grimard reagents, 227, 250-251, 476 
addition to carbonyl groups, 318 
addiUon to cyanide groups, 426 
carbonation, 339 
for alkyl halide to alkane, 58 
of acetylenes, 133 
reaction chart, 485 

to prepare carbonyl compounds, 312-313 
GR-S ruober, 121 ff. 

Gun cotton, 556 
Gutta-Percha, 120 
Glypure, 245 

Half-reactions for redox equations, 717-722 
Halo acids (see also Halogenated acids), 342- 
343, 353-354 
Halobensenes, 225 ff. 
physical properties, 225 
table, 

preparation, 223 
resonance, 234 

cr-Halocarbonyl compounds, 325-326 
Haloform reaction, 326 
Haloforms, 226 
Halogen acetic acids, 342-343 
Halogenated acids, 353-354, 381 
from malonic esters, 381 
Halogenation 
alkylbensenes, 211 
aliphatics, 16, 67-69, 631 
allylic, 636 
aromatic, 191 ff. 
heats of reactions, 66 
mechanism, 18-19, 105, 201-202 
of aldehydes, 331 
of alicyclic hydrocarbons, 144 
of alkanes, 67-69 
of alkenes, 104 ff. 
of carbonyl compounds, 325 
of carboT^lic acids, 349 
of malonic esters, 380 
side-chaui, 211 

Halogen compounds, 221-247 
as pesticides, 241-246 
nomendature, 221 
phyiicai prop^ies, 225-226 


prqpintioQ, 222 ff., 408-409 
reactivity, 230 if. 
study exercises, 246 
test questions (Set 9), 246 
uses, 240-246 
Halothane, 300 
Haworth, W. N., 537 
Haworth structures, 537 
Heats of combustion, 186 ff. 
of n-alkanes, 70 
of cycloalkanes, 148 
Heats of formation, 186 
Heats of reaction, 68 
Heats of vaporization, 266, 403, 716-717 
Heisenberg, 194 

Hell-Volhard-2Selinsky reaction, 349 
Heme, 563 
Hemiacetals, 320 
of carbohydrates, 536 ff. 

Hemoglobin, 563 
Henry, Louis, 433 
Herbicides, 244 
HercuJon, 587 
Heroin, 569 

Heterolytic cleavage, 15 
Heterocyclic bases, dissociation constants, 
565 

Heterocyclic compounds, 559-572 
alkaloidsj 567-570 
aromaticity, 559-560 
definition, 23 

electrophilic substitution, 562, 565 
five-membered rings, 559^564 
nucleophilic substitution, 565 
six-member^ rings, 564-566 
study exercises, 570 
test questions (Set 22), 571 
Hexaarylethanes, 235-237 
dissociation constants, 236 
Hexacene, 171 
Hexachlorobenzene, 226 
Hexafluorodiethyl ether, 613 
Hexamethylbenzene, 212 
1,3,5-Hexatriene, 465 
Higg^, W.. 194 

Hindered pnenols, spectral characteristics, 
508 

Hinsberg separation of amines, 412 
Histamine, w7 
Histidine, 515, 516 
History of org^c chemistry, 192 ff. 
Hodgkin, D. C., 164 
von Hofmann, Adolf, 180, 602 
Hofmann degradation, 390 
Hofmann eliminations, 158-160 
Hofmann rearraimmenta 214, 416 
of N-methylanuine, 418 
Hofmann’s degradation of quaternary am¬ 
monium salts, 98 
Hofmeister, Frau, 519 
Homologous series, boiling points, 71 
Homology, 70-72 
Homolytie cleavage, 15 
Hormoneii 527-^, 579, fill 
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How to solve problems, 674-675 
Hiiokd's rule, 204 ff. 

Hudson’s rule, 546 
Hunadiecker reaction, 347 
Hybrid bonds, pictures, 6 
Hybridizatioui 5 ff. 

Hydrates, 267, 320 
Hydration, 155, 158 
of alkenes, 109 
of ethylene, 254 ff. 
Hydrazobensene, 435, 410 
Hydrazine, 329 

Hydroboration, 102, 109, 155, 158 
Hydrocarbons 
alicyclic, 139 ff. 
aliphatic, 54 ff. 
alkanes, 54 ff. 
alkenes, 89 ff. 
alkynes, 129 ff. 
aromatic, 209-219 
carcinogenic, 218-219 
classification, 219 
number, 50 

spectral characteristics, 500-501 
Hydrocel process, 83 
Hydroforming, 84 
Hydroformylation, 315-316 
Hydrogenation, 1^, 254 
and aromatic character, 204 
in petroleum industry, 83 
Hydrogen, molecular orbital, 4 
Hydrogen bond forces, 265 
Hydroaen bonding, 258-266 
and ooiling points, 258 ff. 
table, 403 

and enolisation, 375 
and heats of vaporization, 403 
and spectra, 263-264, 507-508 
and water solubility, 297, 403 
in adsorption of dyes, 599 
frequencies, 263-264 
in hindered phenols, 508 
in o-nitrophenol, 262, 277 
in salicylaldehyde, 262, 276 
mtermolecular, 258-262 
intramolecular, 262 ff. 
with pi electrons, 264 
Hydrogen cyanide, 244 
addition to carbohydrates, 532 
addition to carbonyl groups, 318 
Hydrogen sulfide, bonding in, 5 
Hydrolysis 

calculations on, 700 ff. 
of acetals, 320, 541 
of aoetoacetic esters, 377-380 
of alkoxides, 269 
of alkyl cyanides, 351 
of alkyl dihalides, 284 
of alkyl halides, 228, 231, 250 
of amides, 423 
of aryl halid^ 257 
of benzal halides, 314 
of benzotrichlohdes, 340 
of benzyl halidee, 253 


of chlorobenzene, 258 

of cyanides, 339, 425 

of esters, mechanism, 369-370 

of ethers, 299, 500 

of fata, 288, 385 

of lactose, 552 

of malonic esters, 380 ff. 

of nitriles, 422 

of nitroalkanes, 430 

of nitroBoanilines, 401 

of ozonides, 114 

of polypeptides, 519 

of salts, 405 

of sucrose, 550 

of triarylchloromethanes, 253 
of trityl ethers, 543 
Hydrolysis reactions, 485 
Hydronium ions, 267 
Hydroquinone, 284 
oxidation, 274 
Hydroxamic acids, 502 
Hydroxy acids, 355, 357 
preparation, 355 
uses, 357 

4-Hydroxyazobenzene, 415 
Hyaroxybenzenes («cc Phenols) 

Hydroxy compounds {see o^so Alcohols; Phi- 
nols), 248-294 

chemical properties, 267-278 
hydrogen bonding, 258 ff. 
industrial production, 254 ff. 
infrared frequencies 497 
laboratory preparation, 249-254 
nomenclature, 248-249 
physical constants, table, 261 
poiyhydric, 283-288 
study exercises, 291 
test questions (Set 10), 292-294 
tests for, 497 
types, 248 
uses, 289-291 
water solubility, 261 
Hydroxylation, 155 
Hydroxymethylation, 253 
Hydroxyproline, 514, 515 
8-Hydroxy quinoline, 475 
Hyperconjugation, 270 
Hypophosphorus acid, 409 


Ignition test for organic compounds, 15 
ifluminating gas, 179 
Imides, 424 
Imines, 517 

Inclusion complexes, 453, 470-471 
Indigo, 598, 601 
Indigoid dyes, 598-599 
Indolclon, 613 
Indole, 571 

Induced dipole, definition, 11 
Inductive effect, 624-625 
in aromatic substitution, 200 
on base strengths, 405 
Induction, 270, 342^43 



InduBtrial production 
of acetic acid, 350 
of acetylene, 131 
alkyl halides, 223 
of arenes, 210-211 
of biphenyl 214 
of ethyl alcohol, 254 ff. 
of ethylene, 95 
of grain alcohol, 254 ff. 
of methyl alcohol, 254 
of phenol, 257-258 
of phthalic anhydride, 218 
of propyl alcohols, 257 
of wood alcohol, 254 
' Infrared absorption frequencies, 646 
of acyl compounds, 498 
of Ubutene, 506 
of hydrogen bonds, 263-264 
of hydroxy compounds, 263, 497 
of lactones, 355-356 
of methyl ethyl ketone, 506 
of methyl vinyl ketone, 506 
of some ketones, 506 

Infrared absorption ranges of bond-types, 
168 

Infrared light, 167 
Infrared spectra 
and hydrogen bonding, 263-264 
of cis and fmns-1,2-di-^butylethylene, 
101 

of methyl anthranilate, 496 
Infrared spectral characteristics (see also In¬ 
frared absorption frequencies), of 
phenols, 497 

Infrared spectroscopy, 168-160 
Ingold, C., 194 
Ingrain dyeing, 601 
Inorganic acids, esters of, 391-393 
Insecticides, 224, 241-246 
Insulin, 523, 525 

Intermolecular coordinate covalent bonds, 
477, 467 ff. 

Intermolecular forces, 264-265 
and hydrogen bonding, 403 
Internal compensation, 448 
Intramolecular hydrogen bonding, 262 ff. 
Inulin, 555 
Invert sugar, 552 
lodination, 223 
beat of reaction, 68 
Iodine monochloride, 223 
Iodine number, 386 
Iodoform, 241 
Iodoform reaction, 326 
lodogorgoic acid, 514, 516 
Ionic bonds, 4 

comparison with covalent bonds, 0 ff. 
Ionic reactions, 15 
Ionization 

of carboxylic acid, 342-344 
of amino acids, 517-518 
of amines, table, 402 
Ionization potentials, table, 2 
Isobutane, 38 


Isobutene, 110, 121 
Isobutyl group, 39 
Isobutyr^dehyde, 316 
Isocyanates, 426 
Isocyanides, 414 
from amines, 425 
hydrolysis, 426 
oxidation, 426 
preparation, 425 
properties, 425 ff 
reduction, 426 
uses, 427 

Isoelectric point, 518 
of proteins, 526 
Isolated dienes, 115 
Isoleucine, 514, 515 
Isomerism, 45 ff. 
deSnition, 21 
of amine oxides, 414 
table of 45 
Isomerization 
dehnition, 45 

in the petroleum industry, 84 
of acetylenes, 133-134 
Isomers 
anomers, 538 

cis and trans 2-buteneB, 101 
definition, 20-21, 45 
epimers, 545 
Isooctane, 78, 110 
Isophthalic acid, 351 
Iso prefix, 34-35 
Isoprene, 573 
Isoprene rule, 574 
Isopropyl alcohol 
industrial production, 257 
uses, 290 

Isptactic polymers, 112, 591 
I U C rules of nomenclature, 39 

Karrer, Paul, 194, 537 
Kekul4, Friedrich A., 181 
Kekul6 structure of benzene, 181, 189 
Kekul^ structure of xylene, 181 
Kel-F, 587 

Kendrew, J. C., 164, 526 
Kermes, 601 
Kerogen, 85 
Kerosene, 79 
Ketenes, 327 

Keto-enol equilibrium, 323 
Keto group, 309 
Ketohexoses, 531 

Ketones (see also Carboiwl compounds) 
addition of alcohols, 320 
base-catalyzed condensation, 323-326 
chemical properties, 317 ff. 
cleavage, 326, 328 
enol content, 375 
from aoetoacetic esters, 377 ff. 
from acid chlorides, 313^14 
from carboxylic acids, 348 
from diazonium salts, 410 
from Qrignard reagoitf, 812-313 
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from Dmlyam of sftltoi 141 

from Difickmann oondenaation, 37^380 

from FriedcKCrafts reaction, 315 

halogenaiion, 325 

nomenclature, 300-^310 

oxidation, 330 

physical constants, table, 316 
preparation, 310 ff. 
reduction, 252-253, 328-329 
to pinacols, 284 

spectral characteristics, 496-497, 506 
study exercises, 333 
test questions (Set 12), 333-336 
tests for, 495-496 
uses, 332 
Ketoses, 540 
from aldoses, 544-545 
Ketoximes, 328 
Kharasch, M. S., 108 
Kiliani cyanohydrin synthesis, 544 
Knocking in engines, 78 
Kolbe, 193 

Koll>e electrolysis, 59, 383, 630 
Kolbe-Schmitt reaction, 276 
Koppers, Heinrich, 179 
Kornberg, A., 530 
Kossel, W., 3, 194 
Krilium, 587 

Laar, 194 

Laboratory operations, calculations, 710 tf. 
Lachrymators, 325, 433 
Lactams, 519 

R(--)-Lactic acid, 454, 455 
Lactones, 355-356 
of carbohydrates, 545 
spectral characteristics, 498 
Lactose, 552-553 

Ladenburg structure of benzene, 183 
Laminates, 583 
Lampreycides, 245 
Lar^size rings, dehnition, 140 
Latin prefixes, 31 
Laurent, 193 
Lavoisier, 192 
Lead arsenate, 244 
Lefiel, 194 
Lemery, 192 
Leprosy, 608 
Lethane, 244 
Leuchs’ anhydride, 521 
Leucine, 514, 515 
Levorotatory, 442 
Lewis, G. N., 3, 194 
theory of acids and bases, 8 
Lewis acids, 299 
Lewisite, 4^ 

Liebig, 179, 192 
Life, criteria for, 528 
Light, 440 ff. 

Lignite (brown coal), 178 
Ligrpin, 77 
Limonene, 576 
Linalool, 677 
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Lindane, 224, 243 
Linder8tr0m-Lang, 524 
Line formulas, 28 
Lipids, 386 

Lipoproteins, 386, 526 
Liciuid propane gas, 77 
Lithium aluminum hydride, 489-491 
reduction of acid halides, 363 
of acids, 253, 345 
of alkyl cyanides, 399, 426 
of alkyl halides, 58, 227 
of amides, 399 
of carbonyls, 252, 329 
of esters, 373 
of nitriles, 399, 426 
of nitroalkanes, 399 
of nitrobenzenes, 435 
of ozonuies, 114 

Lobry de Bruyn-van Ekenstein transforma¬ 
tion, 546-547 
Logwood, 601 
Lubricants, 239-240 
Lubricating oil, 79 
Lucas reagent, 269 fT. 

Lucite, 586 
Lycra, 586 

Lysergic acid diethylamide, 568 
Lysine, 515, 516 

Macromolecules, 590 ff. 

molecular weight determination, 591-562 
Madder, 601 

Magnetic susceptibility measurements, 327 
Major causes of death, 610 
Malachite Green, 596 
Maleic anliydride, 356, 365 
Malic, acid, 356 
Malonic acid, 351 
Malonic ester SYnthesis, 380-383 
of amino acids, 517 
Maltase, 550 
Maltose, 553-554 
Manganese dioxide, 312 
Mannose, 534 
phenylosazone, 535 
Markownikoff's rule, 106 ff., 158, 271 
Martin, A. J. P., 525 
Mass action, 698 ff. 

Mass spectroscopy, 174-176 
May, E. L., 606 

Mechanism of drug action, 613-618 
Medium-size rings, dehnition, 140 
Meerwein-Ponndorf-Verley reduction, 252, 
311 

Melamine, 585 
Melmac, 586 
Melting points 
and hydrogen bonding, 262 
and intermolecular forces, 11 
and polarity, 10 
of alcohols, table, 261 
of alicylcic hydrocarbons, table, 144 
of aldehydes, table, 316 
of alkanes, table, 63 
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of ilkenes, Ubk^ 99 
of atkyl huidei, table, 226 
of alkynm, tiMe, 132 
of ammee, table, 402 
of arenes, table, 212 
of aryl halidee, table, 226 
of carboxylic acida, table, 341 
of ethers, table, TSil 
of hydroxy compounda, table, 262 
of ketones, table, 316 
of methyUiydroxylamines, table, 403 
of phenols, table, 261 
Mental illness, 612-613 
Menthol, 575 
Mercaptans, 460 

6- Mercaptopunne, 616 
Mercurochrome, 473 
Merthiolate, 473 
Meso isomers, 448 
Mesitoic acid, 195 
Metabolite, 616 

Metal alkyl catalysts, 112 
Metal alkynidee, 132-134 
Metal-amine complexes, 414 
Metallocenes, 476-478 
Meta-directin|s groups, 198 
effect on acidity of phenols, 266 
effect on basicity of amines, 406 
effect on other groups, 199 
Metal-^kyls, 472 

Metal hydride reductions (see oIbo Lithium 
aluminum hydride), 489-491 
Metaphen, 473 
Methane 

as source of hydrogen, 66 
in production of ammonia, 66 
poMible structures, 30 
Methanol (see Methyl alcohol) 

Methionine, 514, 515 
Methods of dyeing, 600-601 
Methoxybensene^ 296 
p-Methoxybensoic acid, 341 
Methoxychlor, 243 
Methyl acetylsalicylate, 368 
Methyl alcohol, 289 
industrial pr^uction, 254 
N^Methylaniline, 418 
l^Methylanthracene, 218 
Methyl anthranilate, infrared spectrum, 496 
p-Metl^I^nsoylaeetone, n.m.r. spectrum, 

Methyl bromide, 241, 244 
3-Methylcyolopenteiie, 221 
Methylene, 1^ 

Methylene radical, 89 
dr-Methylfuran, 560 
Methyl heptenone, 577 
Methyl ketones, cleavage, 326 

7- Methyl-l*napnthaidenyde, 309 
2-Meihyl*6*iiitroaniline, ultraviolet speo- 

tnim, 172 

2-MetbylpyrroUdtne, 402, 560 
N-Methylpyrrolidine, 402 
N-Methylpyrrolidone, 229-280 


N-Methyl-m-toluidine, 397 
Meyer, v., 181 
Michael condensation, 431 
Microbes, 605 
Microwave spectra, 167 
Millon's rea^nt, 526 
Mirror images, 443 ff., 446 
Mitscherlich, 179 
Mixtures, resolution, 503*505 
Mobile electrons, 90 

Modem structural theory of organic chem¬ 
istry, 624*625 
Molasses, 254 ff. 

Mold inhibitor, 244 

Molecular addition compounds, 467 

Molecular association, 407 ff. 

study exercises, 478-479 
Molecular formulas, 21 
and composition, 675 
Molecular orbitals, 4 
in acetylenes, 129 
in alkenes, 90 
in alkynes, 129 
in bensene, 189-190 
Molecular rearrangements 
Beckmann, 328 
Carbonium ions, 407 
Hofmann, 214, 416, 418 
Pinacol, 286 
Molecular rotation, 442 
Molecular sandwich compounds, 476-476 
Molecular weight calculations, 675 ff. 
Molecular weights 
of macromoiecules, 591-^592 
Hast method, 679-681 
Victor Meyer method, 679 
Molisch test, 534 

Monocarboxylic acid, preparation, 338 ff. 
Monochromatic light, 440 
Monosaccharides, 531-550 
structure determination, 532 ff. 
Monoterpenes, 573 
Mordant dyeing. 600 
Morphine, 568 ff. 

Motn repelients, 243 
Mustard gas, 4^ 

Mutarotation, 536 ff. 

Mylar, 566 

M^oene, 574, 676, 577 


Hamii^ compounds (see Nomenelature) 
Naphthacenei 171 
Naphthalene 
as moth repellent, 243 
derivatives, 217 
oxidation, 218 
sources, 179, 218 
structure, 216 
ultraviolet absorption, 171 
Naphthalene-€aTbo)^lic acids, 217 
Naphthalene-sulfonic acids, 217 
Naphthenes, 77, 139 
tt-Naphthol, 217 
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o-NM’bthylthiourea, 245 
Natta, Ouilio, 112 
Natural amino aoids^ 514-516 
Natural dyes, 601 
Natural gas, 72 ff. 
aa Bource of gasoline, 85 
comi^Bition, 60 
fractionation, 75-76 
Natural rubber, 118 
Nef reaction, 431, 544 
Neo carbon, definition, 36-37 
Neopentane, 028 
Neopentyl bromide, 221 
Neoprene, 121 
Neral, 575 
Nerol, 575 
Nicol priamB, 441 
Nicotine, 566, 568 
Nirenberg, M., 530 
Nitration 
aromatic, 191 If. 
mechanism, 200-201 
of alkanes, 66-67 
of alkylbenzene, 196-198 
orientation, table, 197 
Nitric acid, structure, 27 
Nitriles, 339, 424-427 
hydrolysis, 422 
r^uction, 309 
p-Nitroacetanilide, 422 
Nitroalkanes, 427-433 
bromination, 429 
chemical properties, 428 ff. 
hydrolysis, 430 
physical properties, 428 
preparation, 427 ff. 
reaction with nitrous acid, 429- 
430 

reduction, 399 
tautomerism, 428 
um, 431 

m-Nitroaniline, preparation, 417 
o-Nitroaniline, preparation, 418 
p-Nitroaniline, preparation, 418 
Nitrobenzenes, 433-437 
chemical properties, 434 ff. 
preparation, 433 
reduction, 416, 434-435 
use as oxidizing agents, 436 
uses, 434 

Nitrobenzoic acid, 338 
p-Nitrobenzoic acid, 341 
wi-Nitrochlorobenzeno, 195 
NHro compounds, 427-437 
spectral characteristics, 500 
test for, 500 
m-Nitrotoluene, 410 
Nitroimn compounds, 395--439 
study exercises, 437 
test questions (Set 17), 438-439 
types, 395-396 
Njtroglyoerine, 289, 436-437 
Nitro groups, reaonance, 427 
Nitrolic acids, 430 


Nitromethane, 432 
structure, 27 
Nitroolefins, 431 
o-Nitrophenol, 262, 277 
spectral characteristics, 507 
m-Nitrotoluene, preparation, 418 
N-Nitrosoamines, 407,411 
Nitrosobenzenes, 411, 435 
Nitrosobutane, 170 
Nitrous acid 

reaction with amines, 407 ff. 
reaction with nitroalkanes, 429-430 
Nitrous oxide, 300 
Nobel, Alfred, 436 

Nobel Awards in chemistry, 84, 112, 117, 
147,164, 181, 194, 227. 436, 519, 523, 
526, 537, 614 

Nomenclature (see also specific classes of com¬ 
pounds), 34 ff., 630ff. 
acetoacetic esters, 374 
acid anhydrides, 364 
acid halides, 361 
alcohols, 248-249 
aldehydes, 308 
alkanes, 55 ff. 
alkenes, 91 ff. 
alkyl cyanides, 424-425 
alkyl halides, 221 
alkyl isocyanides, 425 
alkynes, 129 

alicyclic compounds, 139-140 
amides, 421 
amines, 396^397 
benzene derivatives, 195 
bicyclo compounds, 151 
caroohydrates, 531 
carboxylic acids, 337-338 
esters, 367 

esters of inorganic acids, 391 
ethers, 295 
fats, 383 

Geneva system rules, 39 
illustration, 40 ff. 
glycerides, 3R3-384 
halogen compounds, 221 
hydroxy compounds, 248-249 
lUC rules, 39 
ketones, 309-310 
normal alkanes, 40 

E henols, 249 
[S conhgurations, 454 ff. 
sulfur compounds, 459 
Non-bonded mteractions, 149 
Nonionic detergents, 390 
Nonpolar molecules and transition temper¬ 
atures, 11 
Norbomane, 152 
Normal alkanes, names, 40 
Northrop, J. H., 526 
Novocain, 300 
Nuclear halogenation, 223 
Nuclear magnetic resonance spectra, 173- 
174 

and aromatic character, 204 ff. 
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of alcdiali, 270 

of j^methylbensoylaoetone, 495 
of ethyl acetate, 175 
Nucleic acids, 528-530 
Nucleophilic reactiotie, 230 if. 
definition, 64 
mechaniem, 230 ff. 
of esters, 372-373 
of pyridine, 565 
with heterocyclic rings, 565 
Nucleophilic substitution, 637 
of heterocyclic rings, 665 
Nucleotides, 528-529 
Numbers of optical isomers, 446 ff. 
Numolphan, 569 
Nylon, 586 
structure, 584 

Ochoa, S., 530 

Ocimcne, 574, 576 

Octafiuorocyclobutane, 241 

Octane number, 78 

Octane scale, 78 

Odor and molecular shape, 615 

Odor 

alicyclic compounds, 139 
esters, 371 
Oil of citronella, 575 
Oil of geranium, 575 
Oil of lemon, 575 
Oil wells, 73-75 
Olefins (see aUo Alkenes), 89 
oxidation to glycols, 284 
Oligosaccharides, 531 
Opium, 568, 569 
Oppenauer oxidation, 310 ff. 
Optical activity, 440-457 
of carbohydrates, 540 
study exercises, 456 
test questions (Set 18), 457-458 
Optical isomerism, J94 
wid Bteric hindrance, 215 
in biphenyl cximpounds, 215-216 
alicyclic compounds, 146 
of quaternary ammonium salU, 406 
Optical isomers, 48 ff., 406, 443 ff. 
numbers of, 448 ff. 
resolution, 450-453 
some physical properties, 445 
Optically active 
amine oxides, 406 
amines, 406 
compounds, 146 

OptjcaJ rotation of apecific atoim, 549 
waj contraceptives, 613 
Orbital overlap, 4 
Orbitals, 1 ff. 
hybridization, 5 ff. 
in acetylenes, 129 
in alkenes, 90 
in alkynes, 129 
in bens^^ 189-190 
shapes, 3 ff. 

Organic aaalysie, 492-513 


Organic chemicals, natural sources, 24 
Organic chemistry 
bean stalk to better living, 620 
history, 192 ff. 

modem structural theory, 624-625 
summarizing statement, 624-627 
Organic compounds 
classification, 23 
combustibility, 14 
definition, 9 
number, 19-20 
Organic reactions, types, 102 
Organometallic compounds, 467-479 
study exercises, 478-479 
Orientation of aromatic substitution, 195- 
200 

empirical rules, 198 
mononitration, table, 197 
nitration of alkvlbenzenes, 198 
substitution in biphenyls, 213 
Origin of petroleum, 73 
Orion, 587 

Ortho- and para-directing groups, 196-199 
activation of ring, 213 ff. 

Orthoesiers, 313 
Orthoformate esters, 313 
Osmium tetroxide, 155 
Osazones, 534-535 
Ozones, M5 
Oxalic acid, 351 
Oxalyl chloride, 362 
Oxazole, 567 
Oxidation of, 
acyloins, 312 

alcohols, 273, 310-312, 338 
aldehydes, 329-330 
alkanes, 54-66 
alkenes, 102 ff., 284 
alkylbenzenes, 211, 257 
alkyl groups, 314 
anilines, 4^, 435 
aromatic side-chains, 414 
carbohydrates, 533, 536 
carboxylic acids, 345 
cyclohexene, 153 
isocyanides, 426 
ketones, 330 
olefins to glycols, 284 
organic compounds, 278-283 
phenols, 274 
phenylpyridine, 565 
quinoline, 565 
styrenes, 434 
tnphenylmethanes, 253 
Oxidation-reduction reactions, 279-283 
calculations, 717 ff. 

Oxidation reactions, 486 
Oxidation states, 280 ff. 

Oximes, 319 
Oxine, 475 

Oxonium ions, 268, 298-299 
0X0 reaction, 315 
Oxygen, bond angle, 5 
Oigrtocin, 625, 527 
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Ozonidefl^ 113 
reductioni 114 
OsonolvBifif 113 ff, 
of alKenes, 184 
of benzene, 185 

Paint dryers, 384 

PAM, 617 

Paneth, 50-61 

Papaverine, 567 

Paraffin-base petroleum, 75 

Paraffin hydrocarbons (see also Alkanes) 56 

Paraffin wax, 79-80 

Paraformaldehyde, 321 

Paraldehyde, 322 

Paramagnetism, 237 

ParatHion, 244 

Partial valence theory, 116 

Pasteur, Louis, 451 

Pauling, Linus, 6, 164, 194, 525 

Peat, 178 

Penicillin, 608-609 
Pentacene, 171 
Pentachlorophenol, 244 
Pentoerythntol tetranitrate, 392-393 
Pentalene, 303 
Pentaquine, 566 
Peppermint oil, 575 
Peptide bond, 620 
Perbenzoic acid, 331 
Per cent yields 
calculations, 684 ff. 
definition, U) 

Perfluoroamines, 404 
Perfliiorocarboxylic acids, 342 
Perfiuoro chemicals, 238 

Perfluoropropane, 239 
Periodic acid, 286 
Perkin, H 602 
Perkin reaction, 324-325 
Peroxide effect on additions, 108-109 
Peroxytrifluoroacetic acid, 433, 435 
Perutz, M. F,, 164, 526 
Pesticides, 241-246 
PETN, 392-393 
Petrochemicals, 72, 85 ff. 

Petroleum, 72-86 
description, 75 
fractionation, 76 ff. 
in production of gaaolines, 85 
naphtha fraction, 139 
oil wells, 73-75 
origin, 73 
refining, 75-76 
treatment of fractions, 70 ff. 
uses of fractions, 76 ff. 

Petroleum ether, 77 
Phenazociue, 569, 606 
Phenol (see a/so Phenols), 195 
bromination, 277 
dissociation constant, 266 
in production of plastics, 585-586 
industrial production, 257-258 
Phenolphthklein, 596 ff. 


Phenols, 461-462 
acid strengths, 266 
acylation, 269 
by Dow processes, 257-258 
ether formation, 269, 296 
ferric chloride test for, 501 
hydrogen bonding, 258 ff. 
infrared spectral characteristuyij, 497 
in plastics, 278, 586 

intramolecular hydrogen bonding, 262 ff. 

neutralization, 269 

nomenclature, 249 

nuclear reactions, 275 ff. 

solubility in water, 262 

physical constants, table, 261 

preparation, 254 

oxidation, 274 

reactions with diazoniumions, 278,415,598 
reactions with sodium metal, 269 
spectral characteristics, 507-508 
study exercises, 291 
test questions (Set 10), 292-294 
tests for, 497 
uses, 291 
Phenones, 310 
Phenoxides, 267 
Phenyl acetic acid, 341 
Phenylacetylene, 212 
Phenylalanine, 514, 515 
Phenylhydrazones, 319 
Phenylhydroxylamine, 435 
Phenyl ketones, 315, 317 
Phenyllithium, 472 
Phenylniercuric chloride, 472 
Phenylmercuric compounds, 244 
Pht'iiylo8azoiie.s, 534 
Pldoroglucinol, 284 

Phosphines, 4M 
Phospholipids, 386 

Phosphoric acids, 464 
Phosphorus compounds, 464-465 
study exercises, 465 
Pliosphorus xylenes, 464 
Photosynthesis, 614 
Pbthalein dyes, 596-598 
Phthalic acid, 351, 586 
Phthalic anhydride, 365 
Physical constants 
acid halides, 362 
acids, 371 
alcohols, table, 26] 
aldehydes, table, 316 
alicyclic hydrocarbons, table, 144 
alkanes, table, 63 
alkenes, table, 99 
alkylberizenes, table, 212 
alkyl halides, table, 226 
alkyiies, table, 132 
amides, table, 422 
amines, table, 402 
arenes, table, 212 
aryl halides, table, 226 
carboxylic acdds, graph, 71 
table, 341 
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Qiten, 371 

ethfiffli table, 2d7 

hydfoxy compounds, table, 262 ^ 

ketoaea, table, 316 

phenola, table, 261 

Pbymcal rneasuremeots in structure deter¬ 
mination, 163 ff. 

Physical methods of structure determina¬ 
tion, test questions, 176-177 
Physical properties 
acid halides, 362 
alcohols, 258 If. 
aldehyd^, 316 ff, 
anunes, ^2 IT. 
amino acids, 517-518 
and polar character, table, 266 
esters, 371 
faU, 383-384 
^metric isomers, 444 
ketones, 316 ff. 
macromotecules, 560 ff. 
nitroalkanes, 42S 
optical isomers, 445 
Pi orbitals, 90 
of benzene, 189 
orPicoline, 472 
Picrates, 469 ff,, 642 
Picric acid, acid strength, 266 
Pilocarpine, 568 
Pilocereine, 567 
Pinacol rearTan|ement, 286 
Pinacolones, 286 
Pinacols, 284, 329 
Pinane, 574 
Piperidine, 571 
Pitser strain, 146 
Plasticizers, 585 
Plastics, 582-592 
chain structure, 588-591 
general characteristics, 583 
major characteristics, table, 566-587 
prcMUction, 591 
study exercises, 592 
test questions (Set 24), 592 
Platforming, 84 
Plexiglass, 586 

Polar character of chlorine compounds, 11 
Polar character of various classes of com¬ 
pounds, table, 266 
Polar fibers, 600 
Polarimeter, 442 
Polariscope, 441 
Polarity and melting points, 10 
Polarizability, 12 
Polarized light, 441 if. 

Polar molecules, definition, 11 
Polar reaction mechanism, 16 
Polar reactions, characteristics, 17 
Polenski number, 386 
Polyacrylonitrile, 583 
Polycondensation 

in textile and plastics industry, 583 IT. 
of alkanedioic acids, 352 
Polyethylene, fitX) 


Polyethylene glycols, 287-288 
Polyhydric alcohols, 283-288 
Polyisobutylene, 122 
Polyisoprene, 124 
Polymerization, 111 ff., 501 
definition, 83 

in textile and plastics industry, 583 ff. 
of aldehydes, 321 
of butadiene plus styrene, 122 
modifiers, 122 
Polymers 
atactic, 112 

chain structure (see oho Rubber; Plastics; 

Polypeptides), 112-113 
isotactic, 112, 591 
syndiotactic, 112 

Polymethylene dicarboxylic acids, 351 
Polymethylencdiamines, 367 
Polynuclear hydrocarbons, 212 ff. 
Polypeptides, 519-526 
chain structure, 554-555 
hydrolysis, 519 ff. 
synthesis, 526-522 
p-Polyphenyls, 214 
ultraviolet spectral constants, 171 
Polypropylene, 112, 587 
Polysaccharides, 531, 554-557 
cellulose, 555-557 
starch, ^ 

Polystyrene, 587 
Polythene, 587 
Polyurethanes, 586, 588, 589 
Polyvinyl alcohol, 261 
Polyvinylpyrrolidone, 135, 554-555 
Position isomers, 46, 628 
Prefixes 

anti and syn, 151, 328 
bis, tris, 295 
cis and irans, 150 
endo and exo, 151 
iso, 34-35 
nor and homo, 151 
peri, 217 
Preparation of 
acid anhydrides, 365 
acid halides, 362 
alcohols, 249-254 
aldehydes, 310 ff. 
aliphatic amines, 400 
aliphatic dicarboxylic acids, 351, 354 
alkanes, 56 ff. 
alkenes, 92 
alkyl fluorides, 237 ff. 
alkyl halides, 222 
alkvnes, 130 
amides, 421 ff. 
amines, 398-401 
amino acids, 517 
arylsulfonic acids, 461 
Bzobcmzenes, 410, 411, 415 
biphenyls, 214 
esters, 368 

esters of inorganic acids, 392 
ethers, 296 
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fluorobenzeneB, 409 
fluorochemicBilBi 298 
halobenzenea, 223, 408 
1,2-glycolB, 284 
li3*ilycolii, 324 
ketones, 310 fT« 
nitroalkanea, 427 if. 
m-nitroaniline, 417 
0 - and ^nitrooniline, 418 
nitrobenzenes, 433 
phenols, 254 
phthalein dyes, 596-598 
polypeptides, 520-522 
primary aromatic amines, 400 
quaternary ammonium salta, 402 
secondary and tertiary amines, 400 
triphenylmethane dyes, 595-596 
Primary alcohols, 248 
Primary amines 
from cyanides, 426 
preparation, 400 
Primary carbon, definition, 36 
Prism, 594 
Prolan, 243 
Proline, 514, 515 
Prontosil, 607 
Proof of structure, 61-62 
Propane, 34, 63, 77, 83 
1,2,3-Propanetriol {see Glycerol) 
Propellants, 242, 437 
Properties of arenas, 211 
Propioiiamide, 421 
Propionic acid, 340, 341 
Propiophenone, 316 
Propyl alcohol, 257 
Proteins, 514-530 
amino acid content, table, 524 
chain structure, 520-525 
color tests for, 526 
insulin structure, 523 
polypeptide structure, 523 
syntnesis, 525 
test questions (Set 20), 530 
Protosoa, 605 
Progesterone, 579 
Pseudo acids, 429 

Pseudo asymmetric carbon atoms, 449 

Fsychochemicals, 612-613 

Ptomaines, 398 

Public health, 600 fT., 610 

Purines, 528 

Putrescine, 398 

Pyranose rings, 530 

PyrEKine, 567 

Pyrene, 212 

Pyrethrin, 244 

Pyridazine, 567 

Pyridine, 564 ff. 

2«Pyridlne aldoxime methiodide, 617 
Pyridine N-oxide, 671 
Pyridoxine, 566 
Pyrimidines, 528, 567 
Pyroligneous acid, 254 
I^rdysis (see aleo Cracking) 


mechanismi 157-160 
of acetone, 327 
of aikanedioic acids, 352 
of alkanes, 80-83 

of ammonium carltoxylates, 348, 422 
of coal, 55, 178-179 
of hydroxy acids, 355 
of salts of dicarboxylic acids, 141 
of quaternary ammonium salts, 98 
of wood, 54, 254 
Pyrophosphoric acid, 466 
Pyroxylin, 556 
Pyrrole, 559 ff. 
base strength, 563 

Qualitative functional group analysis, 492- 
503 

Quantitative analysis, 680 ff. 

Quantum numbers, 2 
7 >-Quarterphenyl, 212 
Quaternary ammonium salts, 396 fT. 
in preparation of olkenes, 08 
optical activity, 406 
preparation, 402 
Quinhydrone, 274 
Quinine, 568 
Quinoid dyes, 598 
Quinoline, 5Ci6 
p-Quinone, 274 

Racemates, 448 
Racemic mixture, 443 fT. 

Racernization, 449 fT. 

Radicals 
aliphatic, 60-61 
triaryl methyl, 235-237 
Raman, C. V., 188 
Randan spectra, 169 
Raman spectroscopy, 201 
Rancidity, 385 
RaouU’s law, 713 IT. 

East method of determining molecular 
weights, 679-682 

Rates of reactions, ionic vs. covalent, 15-19 
Rat poison, 238, 245 
Rauwulfia, 568, 612 
Rayon, 557 
RDX, 435 
Reaction chart 
for alcohols, 272 
for aldehydes, 332 
for aliphatic compounds, 483 
for alkenes, 125 
for alkyl halides, 229 
for alkvnes, 137 
for carboxylic acids, 346 
for Grignard rea^nts, 340, 485 
for monocarboxylic acids, 353 
for preparation of aldehydes, 315 
Reaction kinetics, 217 
Reaction mechanisms, 153-160, 230 ff. 
definition, 17 

of benzidine rearrangement, 416-417 
of electrophilic substitution, 200-202 
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of eeterifioatioiij 346-347, 369, 372 
of hydroly«8 of esteiB, 369-370 
polar, 16 if. 

Reactionfl 

kinetic control, 169, 217, 542 
of inonoBaccharideBi 534 ff. 
thermodynamic control, 159, 217, 542 
Reactivity of halogen compoandB, 230 ff. 
Reactivity vn. Btructure of halogen com¬ 
pounds, 230 ff. 

Rearraixgements 
Beckmann, 328 
carbonium ions, 407 
Hofmann, 214, 416, 418 
Pinacol. 286 
Reclaimed rubber, 120 
Redox equations, balancing, 281-283, 717- 
725 

Redox reactions, 278-283 
calculations, 717 ff. 

Reduced crude petroleum, 76 
Reduction reactions, 486 
Reduction 
Birch, 192 

bimolecular, 284, 329 
Clemmensen, 141, 329 
Meerwein-Ponndorf-Verley, 252, 311 
of acid halides, 363 
of aldols, 324 
of alkenes, 102 
of alkyl halides, 57 ff., 227 
of amides, 399, 401 
of aromatic rings, 192 
of carbohydrates, 532 
of carbonyl compounds, 252-253, 311, 
328-329 

of carboxylic acids, 345 
of cyanides, 426 
of esters, 253, 373 

of ketones (see also carbonyl compounds) 
to pinacols, 284 
of nitriles, 399 
of nitroalkanes, 399, 430 
of nitrobenzenes, 400, 416 
chart, 435 
of ozonides, 114 
Roeenmund, 314 
with metal hydrides, 489-491 
Wolff-Kishner, 329 
Reformatsky reaction, 355 
Refrigerants, 241 
Regular-size rings, definition, 140 
Reichert-Meissl number, 385 
Reimer-Tiemann reaction, 315 
Relative base strengths toward different 
acids, 405 

Relative reactivity of halogen compounds, 
229 

Relative stability of carbonium ions, 270 
Replacement reactions 
and structure, 230 ff. 
of aprl halides, 229 
of diazonium ions, 408 ff. 
of Ni'*‘ by wyi, 410 


of Ni**" by aryl, 409 
of Ni+ by F, 409 
of N,*^ H, 409 
of N,+ by NOi, 409, 433 
of N«+by OH, 408 
of Ni+by X or CN, 408 
of NH, by OH, 407 
of OH by X, 222, 225, 269 
of SOiH by H, 461 
of SOiNa by OH, 461 
of SOiNa by GN, 462 
table, 228 

Reserpene, 568 ff., 570, 617 
Resolution of mixtures, 450-453, 503-505, 
644, 658-659, 663,666-667 
chart, 505 
Resonance 

and acid strengths, 266 

and base strengths, 406 

and diaaociation constants, 343 

and spectra, 506 

in aromatic substitution, 201 

of allyl carbonium ion, 234-235 

of allyl halides, 234-235 

of allyl radicals, 288-289 

of amides, 422-^3 

of amines, 412 

of aryl halides, 203. 234 

of benzene, 189-190 

of benzyl halides, 235 

of biphenyl, 215 

of carbonyl compounds, 317, 323, 624 
of cyclopentadienide ion, 477 
of diazonium ions, 408 
of nitric acid, 648 
of nitro group, 427 
of nitrous acid» 648 
of pyridine ring, 565 
of pyrrole, 563 

of some heterocvclic rinn, 559 
of triarylmethyl free radices, 236 
of vinyl chloride, 232-234, 639 
planarity and, 190 
rules, 202 
Resonance energy 
and aromatic character, 203 
of benzene, 187 
Resonance energies, table, 190 
Resorcinol, 284 

Review of organic chemistry, 480-491 
Rheumatoid arthritis, 580 
Riboflavin, 567 
Ribonucleaae, 625 
Ribonucleic acid, 528 ff. 

Reimer-Tiemann reaction, 275 
Ring-closure reactions 
alicyclics, 140-143 
anhydrides, 352. 356, 365 
chelation, 357, 474 ff. 
esters, 355, 356 
ethers, 285 
hemiacetalsi 536 ff. 
heterocyclicB, 660-562 
imides, 424 
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Ring compounds (ue Alicyclic compounds; 

Cydio compounds) 

Ring currentSi 204 S, 
and n.rn.r, spectra, 508-509 
Ring-sise determination, 547-548 
Ring-strain. 146-148 
in cycloalkanes, table, 148 
ItNA,628flf. 

Robinson, R., 104 
Rocket fuels, 437 
Rodenticides, 245 
Rosaniline, 596 

Rosenmund reduction, 314, 363 
Rosin, 574 

R-S configurational nomenclature, 454 fT., 
665 

Rubber, 117 ff. 
additives for tires, 122 
Buna-N, 123 
Buna-S, 123-124 
chain structure, 119, 123-124 
consumption, table, 122 
crepe, 118 
from trees, 118 
history, 118 

manufactured products, 120 
reclaimed, 120 
sources of natural, 118 
stereoisomerism, 124 
structure, 119 
substitutes, 120 
uses and characteristics, 123 
vulcanization, 119 If. 

Ruff depadation of sugars, 544 
Rules of resonance theory, 202 
Runge, F., 603 
Rutherford, 194 
Ruzicka, L., 141, 194 

Sabatier, 227 
Saccharin, 404 
Sachse, 148 
Salcomine, 476 

Salicylaidehyde, 262, 275, 276 
Salicylic acid ,.276, 338 
Salt formation of carboxylic acids, 344 
Salts, dissolution, 12-13 
quaternary ammonium, 396 ff. 
test for, 501 
Sdvarsan, 603 
Sandmeyer, reaction, 408 
Sanger, rr^erick, 524-525 
Saponification, 385 
S4)onification number, 385 
SAR, 615 ff. 

Satan, 587 

Saturated hydrocarbons 
definition, 56 

physical constants, table, 63 
Saj^zeff’s rule, 93, 158 
Schiemann reaction, 409 
'Schiff bases, 319 
Schmidt reaction, 348, 400 
Sehotten-Baumann reaction, 363 


Secondary alcohols from ketones, 141 
Secondary amines, preparation, 400 
Secondary butyl group, 37 
Secondary carbon atom, definition, 36 
Selective dyeing, 599 
Selective reductions, 488-491 
Semicarbazones, 319 

Separation of mixtures, 503-505, 644, 658- 
659, 663, 666-667 
chart, 505 

of racemic mixtures, 450-453 
Sequence rule, 454 
Serine, 514, 515 
Sesquiterpenes, 573 
Sex normones, 579 
Sex attractants, 245 
Shale rock, 85 
Sickle cell anemia, 525 
Side-chain halogenation, 224 
Sigma bond, 90 
Silanes, 588 
Silicones, 586, 588 
Siloxanes, 586 

Silver acetylides (see Silver alkynides) 

Silver alkynides, 132-134 
Silver-amine complexes, 414 
Small-ring compounds, definition, 140 
Smell and molecular shape, 615 
SnI reactions, 231 ff. 

Sn2 reactions, 231 ff. 

Soap, 288, 385, 387-388 
uses, table, 388-389 

Sodium acetylides (sec Sodium alkynides) 
Sodium alkynides, 130, 133-134 
Sodium alkoxide.s, 267, 296 
as catalysts, 377, 379 

Sodium bisulfite, addition to carbonyl 
groups, 317-318 
Sodium borohydride, 435 
Sodium borohydride reductions, 490 
reductions of acids, 345 
reductions of diazonium ions, 400 
reduction of nitrol>enzeneB, 435 
reduction of ozonides, 114 
Sodium fluoroacetate, 238, 245 
Sodium peiitothal, 567 
Sodium phenoxides, 269, 296 
Sodium propionate, 244 
Soil conditioners, 587 
Solubility 

and polar character, 14 
of acids in base, 344 
of salts, 14 

Solution of mathematical problems, 674 
Solvation and solubility of salts, 12 ff. 
Solvents, 239-240, 241 
Solving problems, 674-675 
Solvolysis, 231 
Sommelet reaction, 314 
Sources of natural dyes, 601 
Sources of gasoline, 85 
Specific rotation, 442 ff. 

Spectra (see also Absorption spectra) 
and hydrogen bonding, 507-508 
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aiid fteric biikdrBJicer 506^-507 
^ectral oharacteristica 
of acids, 407 
of acyl eompounds, 408 
of alkynes, 600-601 
of aminas, 400 
of aromatic nuclei, 400 
of aromatic ringB, 508-509 
of carbonyl compounds, 496-497 
of enolfl, 508 
of ethers, 500 

of functional groups, 495-501 
m Hydrocarbons, 500-501 
of nitro compounds, 500 
Spectrarstructure relationships, 505-513 
Spectrophotometer, 167 
Spectroscopy, 167 
infrared, 168-160 
mass, 174-176 

nuclear magnetic resonance, 173-174 
test questions (Set 6), 176-177 
ultraviolet, 160-173 
Spectrum, 5^ 

Spermaceti, 371 
Spin-spin coupling, 174 
Spirits, 254 ff. 

Spreaders, 241 
Stabilization of gasolines, 85 
Stability of carlmnium ions, 270-272 
Staggerira conformations, 149 
Stanley, W. M., 526, 528 
Starch, 255, 554 

Steam distillation, calculations, 712 ff. 

Stearin, 384 
Stereoisomerism, 48 
definition, 46 
of rubbers, 124 

Stereochemistry of reactions, 153-160 
Steric effects 

in electrophilic substitution, 197-198 
Steric hindrance, 639, 046-647 
and base strenjrths, 404r-406 
and spectra, 5^507 
and water solubility, 297-298 
in biphenyls, 215-216 
to 1,2-addition, 318 
to esterification, 346-347 
to ester hydrolysis, 346 
Stemo, 267 
Steroids, 573-581 
ring structure, 578 
Sterob, 578 ff. 

Stilbene, 212, 507 
Stoichiometry, 682 
definition, 19 
Btrai^t-run g^line, 77 
StrecKer reaction, 617 
Streptomycin, 609 
Stretch textiles, 586 
Structural formulas, 21 
Struoturai theoiy, 25 ff. 
modern, 62^25 


Struoture-'activity relationships, 616 ff. 
Structure determination, 492-513 
by physical methods, 163 if, 
teat questions (Set 19), 509-513 
Structures of amino acids, 514^516 
Structure-spectra relaikmahips, 505-513 
Strychnine, 568, 570 
StuartrDrie^leb mo^ls, 29 
Study exercises 
acid anhydrides, 366 
acid halides, 366 
alchohols, 291 
aldehydes, 333 
alicyclic compounds, 160 
alkaloids, 570 
alkanes, 86 
alkenes, 125 
alkyl halides, 246 
alkynes, 137 
amines, 419 
amino acids, 530 
arenes, 220 

aromatic character, 206 
aryl halides, 246 
carbohydrates, 557 
carboxylic adds, 357-358 
chemotherapy, 618 
dyes, 604 
esters, 393 
ethers, 301-302 
halogen compounds, 246 
heterocyclic compounds, 670 
hydroxy compounds, 291 
ketones, 333 

molecular association, 478-479 
nitrogen compounds, 437 
nomenclature, 52 
optical activity, 456 
organometallic compounds, 478-479 
phosphorus compounds, 465 
plastics, 592 
proteins, 530 

structures of organic compounds, 22 
sulfur compounds, 465 
terpenes, 580 
textiles, 592 

Studying organic chemistry, 480 ff., 625 ff. 
Styrene, 212 

copoly merization with butadiene, 122 
Styron, 687 

Substantive dyeing, 600-601 
Substituted carboxylic acids, 353-357 
Sucaryl, 424, ^ 

Succinamide, 352 
Succinic acid, 351 
Succinic anhydride, 365 
Succinimide, 424 
Sucrose, 550-552 
uses, 552 

Sugars (see Carbohydrates) 

Suggestions for a review, 480-491 
SuIfiuliaKine, 608 
Sulla drugs, 607-608 
SuffanilAiiiide, 422, 463, 6(ff^ 
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S.ifanilkB€id,46a 
Sulfiipyridiiiei 408 
Sulfonstiofi, 401 
of ftlkaoeii 80 
aromatic, 101 fl. 
of naphtbalene. 217 

§ ,p'-Suffony]dianillnei 608 
ulfoxides, 461 > 

Sulfur compounds, 450-464 
Study cx^rciBOE, 465 
typeB, 459 
uses, 463 

Bi'Ifuric acid, structure, 27 

mmarizing statement on organic chemis¬ 
try, 624-627 
Sumner, J. B., 526 
Syndiotactic polymers, 112 
Synergism, 245 
Synge, R. L. M., 525 
Synihesis 

of amino acids, 517 
of polypeptides, 520-522 
of terpenee, 577 
nthetic dyes, 595 If., 601-603 
synthetic rubber, 120 IT. 

relative ratings of, table, 123 
Synthetic textiles 
characterifiticB, 583 
consumption, 582 
'^Tithol process, 84 
'arts reaction, 237 

iv^eetening in petroleum industry, 85 

^,4,5-T, 244 
''artaric acids, 447 
Tautomeriam, 194 
acetoacetic esters, 375 
dehnition, 135 
keto-enol, 136 
nitroalkanes, 428 
Tautomerization, 136 
Teflon. 239, 587 
production, 585-588 
Telomers, 590 
Template mechanism, 528 
Terephthalic acid, 351 
Teipenes, 573-581 
classification, 573-574 
study exercises, 580 
test questions (Set 23), 581 
Terpenoids, 573-581 
classification, 573-574 
sources, 573-574 
:j>-Terphenyl, 171, 212 
^rTerpinene, 581 
t'erpineol, 576 

Tertiary amines, preparation, 400 
'Fertiary carbon, definition, 36 
Testosterone, 579 
Test questions 
acia anhydrides, 366 
acid halides, 366 
jdcohola, 292-294 
aldehydes, 333-336 
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alioyclic compounds, 161-162 

alkaloids, 571 

alkanes, 87^ 

alkenes, 126-128 

alkyl hidides, 240 

alkpes, 137-138 

amines, 420 

amino acids, 530 

arenes, 220 

aromatic character, 207 
aryl halides, 246 
carbohydrates, 558 
carboxylic acids, 358-360 
esters, 393-394 
ethers, 302 

halogen compounds, 246 
heterocyclic compounds, 571 
hydroxy compounds, 292-294 
ketones, 333-336 
nitrogen compounds, 438-439 
nomenclature, 62 
optical activity, 457 

physical methods of stnicture determina¬ 
tion, 176-177 
plastics, 592 
proteins, 530 
spectroscopy, 176-177 
structure determination, 509-513 
structal theory, 52-53 
terpenes, 581 
textiles, 592 

the structures of organic molecules, 52-53 
Tests for 

acyl compounds, 498 
acyloins, 274 
alcohols, 267, 269 If., 497 
alkenes, 100, 102, 106, 500 
alkynes, 134, 500 
amines, 499 
aromatic nuclei, 499 
carbohydrates, 49B, 534 
ethers, 500 

functional groups, 495-501 
l»2-glycols, 286 
nitro compounds, 500 
phenols, 269, 278, 497, 501 
proteins, 526 
salts, 501 
starch, 554 
unsaturation, 500 
Tetraethyllead, 473 
in gasoline, 77-79 
Tetrafluoroethylene, 587 
Tetrahedral models, 29 
Tetrahedron, 6 

Tetrahedral carbon atom, 6-8, 11, 48-49 
Tetrahydrofuran, 297, 298, 660 
Tetrahydrofurans, 285 
Tetranitromethane, 433 
Tetraphenylcyclobutenium hexachlorostan- 
nate, 206 

Tetraphenylmethane, 212 
Tetraterpenes, 574 
Tetrazotisation, 410 
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Textiks, 582^-^ 
liat^ralim. Bynthetic/682 
|eai£‘que9tton« (Set 24), 592 
fltu4y 592 

Thalidomide, 617 

Thimite, 244 

Thermoplastic plasUcfi, 583 
Thiaaole, 567 

Thiele’s partial valence theory, 116 
Thiele structure of benzene, 183-184 
Thioacetone, ITO 
Thiokol rubber, 121 ff. 

Thi^hene, 559 ff,, 561 ff. 
l,4rThioxane, 302 

Three-Hour EKamination, 1, 303-304 
answers, 305-307 

Three-Hour Examination II, 619-620 
answers, 620-623 
Threonine, 514, 515 
Thymine, 529 
Thyroxine, 514, 516 
Titrations, 691 ff. 

TNT, 435 

Tobacco mosaic virus, 525 
Tolbutamide, 608 
Tollens' reagent, 329, 541 
Toluene, 195 

commercial production, 210 
Toluic acid, 338, 341 
Toluyl chloride, 362 
Tosylates, 231 
Toxicity 
of alcohols, 290 
of amines, 406 

of halogen compounds, 241, 345 
Tranquilizers, 568, 612-613 
Transannular addition, 149 
Transannular strain, 146 
in cyclodecanes, 149 
Transition state, deffnition, 17 
Triaryl carboniurn ions, 272 
Triarylmethyl free radicals, 235-237 
Tribromoamline, 415 
Trifluorobromomethane, 239 
m-Trifluoromethyl-4-nitrophenol, 245 
Trigonal carbon atom, 90 
Trihalomethanes, 225 
Trihydric alcohols, 288-289 
2,4,6-Trimethylbenzoic acid, 196 
Trinitroglycerine, 289 
Trinitrotoluene, 435 ff. 

Trioxane, 321 
Triphenylcarbinols, 253 
Triphenylcyclopropenium borofluoride, 206 
Triphenylmethane, 212 
Triphenylmethane dyes, 695-596 
Triphenylmethanes, oxidation, 253 
Triphenylmethide ion, 235 
Triphenylmethonium ion, 235 
Triphenylmethyl, 235 ff. 

Triterpenea, 674 
Trityl bromide, 642 
Trityl chloride, 236 
Trityl halides, 237 


Trivial names, definition, 31 
Tropolone, 263, 625 
Tropylium ion* 204 
Tronton's constant, 715-716 
table, 266 

Tryptophane, 515, 516 
TuDocurarine, 568 
Turpentine, 574 
Tyndall effect, 520 
Tyrian purple, 601 
Tyrosine, 614, 516 

Ullmann reaction, 214 
Ultraforming, 84 
Ultraviolet light, 167 
Ultraviolet absorption spectra, 169-173 
Ultraviolet spectral constants 
of arenes, 171 
of diphenylpolyenes, 170 
of p^polyphenyls, 171 
of simple chromophores, 170 
of 2-methyl-5-nitroaniline, 172 
Units of concentration, 689 ff. 

Unsaturated acids, 324-325, 354, 356 
a,^-Unsaturated carbonyl compounds 
1,4-Rddition, 146 
from aldol condensation, 323 
halogenation, 325 
spectral characteristics, 496 
Unsaturation, test for, 500 
Uracil, 529 
Urea complexes, 470 
Uses of 

alcohols, 28f^291 
aldehydes, 332 
alkaloids, 568 
table, 568 
amides, 424 
amines, 417 
cellulose, 557 
cellulose acetate, 556 
of charge-transfer complexes, 469 
chelates, 474-476 
color, 593 
dyes, 603-604 
esters, 371 

esters of inorganic acids, 391-393 
explosives, 435 

hydroxy compounds, 289-291 
inclusion compounds, 470-471 
ketones, 332 
metallocenes, 478 
nitroaU^es, 431 
nitrok^nzenes, 434 
organics, 487 
perfluoro compounds, 613 
plastics, table, 686-587 
soaps, t^le, 388-389 
sucrose, 652 
sulfur compounds, 463 

Vacuum distillation, calculations, 715 ff. 
Valence*change method of balancing 6q9|{ 
tions, calculations, 722-725 
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i«]eraldflhyde» 808 
iUaramide. 42l, 422 
< ilerio »€ia» 337, 341 
<^iJiike, S14, 515 
i der Waalfl forces, 11, 264-265 
n adsorption of dyes, 589 
. nfJlin, 435 

Wi Hoif, 181, 194, 548 
i^usopreaflin, 627 
Vt ayeing, 600 
Ver^iene, 475 
<^etivazulene, 580 
1 \ Vignesud, V., 526 
vineear, 350 
nyl chloride, 241 
resonance, 232-234 
nyl ether, 297, 300 
V inyl halides, 226 
nylidene chloride, 587 
ruses, 627-528 
cose, 557 
lible light, 440 
.‘olors, 694 

isible spectrum, 440, 593-594 

'sual purple, 469 

tamin A, 580 

lamin Bs, 567 

tamin Ba, 566 

tamins, 611 

lumetric group analysis, 689 IT. 


dissociation constant, 701 
picture of bonding in, 6 
Water resistance of materials, 80 
Water solubility 
and hydrogen bonding, 403 
of ethers, 297 

of hvdroxy compounds, 201 
of phenols, 262 
of some carboxylic acids, 341 
Watson, J., 530 

Wavelengths of electromagnetic spectrum, 
167 

Weed killers, 244 

Williamson reaction, 193, 268, 296 
Wittig reacti(3n, 464, 646 
Woad, 601 
Wohler, 192-193 
Wolff-Kishner reduction, 329 
Wonder drugs, 606 ff. 

Wood, pyrolysis, 54, 254 
Wood alcohol, 254 
Wurtz-Fittig reaction, 209' 

Wurtz reaction, 58 ff., 227 
mechanism, 16 

Xanthates, 556 

X-Ray diffraction, 163-164 

o-Xylene 

from n-octane, 210 
structure, 181 ff. 


aksman, 609 
'alden inversion, 230 
1 'ater 

as a solvent, 12-13 
dipole moment, 165 


Yohimbine, 568, 570 
Ziegler, Karl, 112 

Zinc for reduction of alkyl halides, 57 
Zwitter ions, 517-518 
Zytel, 586 
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Volttiiit and W#Kiht 

1 U. S. gallon=^8.341bsxSp Gr 
1 U. S. |aUon»0.H4 Imperial gallon 
1 cu ft of Ii4uid»7.48 gal 
1 ou ft oriiquid»62,32 tbsxSp Gr 
Specific gravity of sea waters 1.023 
to 1.03’ 

1 cu iiieter=^ 264.5 gal 
1 barrel (oil)»42 gal 

Capaeity and Velocity 
I gpm°»449 cu ft per sec 
_lbs per hour 

i o ofsp. G 7 : 

gpm»=0.069x boiler Hp 
gpni==0.7 X bbl/hour»0.0292 
bbl/day 

gpm^O.227 metric tons per hour 
1 mgd»694.5 gpm 
y_ Cpnix032l _ gpm X 0.409 
area in sq. m ^ 02 

gpm= gallons per minute 
Sp Gr» specific gravity based 
on water at 62oF 
Hp» horsepower 
bbl« barrel (oil)=42 gal 
mgd^millton gallons per day 
of 24 hours 
V=« velocity in ft/soc 
diameter in inches 
g=32.16rt/seG/sec 
H=head in feet 

Hoad 

^ ^ Head in psix2.3l 

Head in feet= „ — 

Sp Gr 

1 foot water (cold, rresh)= 1.133 
inches of mercury 
1 psi=0.0703 kilograms per sq 
centimeter 

1 psi=0.068 atmosphere 

"“Sr 

psi^poundi per square inch 


Pewar and Taaqua 

I horaepower«3S0 ft*lb per aec 

*3),Q0|> fl-Ibpermin 
•^ZMSbtbperhr 
-74S.7 wttu 
‘==0.7437 kilowatti 

.. gpm X Head in feet x Sp Gr. 

bhp« ■■■ " II ■ ' . . ■' 

3960 X efficiency 
gpm X Head in psi 

Dnp=- . ~ 

1714 X efficiency 

Torque in lbs feet= H E y | ^^* 

bhp=brake honepowcr 
rpm - revolutions per minute 


Mlacollanooua Conirifugal Pump 
Formulae 

Specific speed= 

where H=head per stage in feet 

Diameter of impeller in 

. ^ 1840 Ku VTT 

-rpm- 

where Kir is a constant vaiying with 
impeller type and design. Use H at 
shut-ofT (zero capacity) and Ku is 
approx. I.O 

At constant speed; 

di ^ gproi _ >/Hi _ 

4t gpnil VHi ^hps 


At constant impeller diameter 

rpmi ^ gproi ^ v^t ^ 
rpms ipaia ylTi ^Wipi 







